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Evechinus chloroticus is a New Zealand sea urchin species that is harvested for its edible roe 
and is considered by many people to be a delicacy. The shell and spines of E. chloroticus are 
considered as waste and are typically dumped in landfills, which leads to environmental issues. 
This thesis reports the investigation of the extraction of polyhydroxylated-1,4-naphthoquinone 
(PHNQ) pigments from E. chloroticus shell and spine waste (i) using traditional solvent 
extraction methods compared to the use of macroporous resin, and (ii) characterization of the 
PHNQs and analysis of some biological activities of these extracts.  
Initially, the extraction of PHNQs from E. chloroticus shell and spine was evaluated using six 
different macroporous resins. Four of these resins (D4006, D4020, D101 and NKA-9) were 
found to provide good extraction of PHNQs in terms of the overall adsorption and desorption 
from the macroporous resins. Extraction with organic solvents had a higher yield of PHNQs 
compared to the macroporous resins, as demonstrated by high-performance liquid 
chromatography (HPLC) analysis. The PHNQ composition was characterised by HPLC with 
diode ‐ array detection (DAD) and mass spectrometry (MS). Five PHNQ compounds 
(spinochromes E, B, C, A and echinochrome A), and three aminated PHNQ compounds 
(spinamine E and echinamines A and B) were identified. The pigments were found to be prone 
to degradation upon exposure to light, with the aminated PHNQ pigments being the least stable.  
In addition, the bioactivities of E. chloroticus shell and spine PHNQ extracts obtained by 
macroporous resins (NKA-9, D4020, D4006, and D101) were investigated. Spine PHNQs 
extracted by the D4006 resin had the highest total phenolic content (TPC) while the D101 and 
D4020 resin extracts had the lowest TPC (p < 0.05). The best extraction of PHNQs was 
obtained with the D4006 resin and spine extracts showed better antioxidant activity (DPPH, 
ABTS, ORAC and FRAP) than shell extracts (p < 0.05). The Minimum Inhibitory 
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Concentration (MIC) of PHNQ extracts against Escherichia coli and Staphylococcus aureus 
ranged from 2.5 to 10 mg/mL, with the D4006 resin extract having the best activity. The crude 
PHNQs extracted by different organic solvents, and PHNQs fractionated by HPLC were all 
tested for antioxidant activity by the DPPH, ABTS, ORAC and FRAP assays. Ethyl acetate 
was the best extraction solvent and spine extracts showed better antioxidant activity than shell 
extracts (p < 0.05). Overall, the organic solvent extracted PHNQs showed higher levels of 
antioxidant activity compared to the macroporous resin extracts. The HPLC fraction containing 
spinochrome E showed the highest antioxidant activity (p < 0.05). The anti-microbial effect as 
measured by the MIC of the PHNQ crude extracts and the HPLC fractions ranged from 0.25 to 
2.5 mg/mL depending on the PHNQ extract and microbial species tested. PHNQs extracted by 
organic solvents had overall better anti-microbial activity than those of the macroporous resin 
extracts. PHNQ extracts altered the morphology of the Staphylococcus aureus cell wall as 
observed by transmission electron microscopy. PHNQ extracts also exhibited anti-
inflammatory activity in rats (ED50 = 8.26 ± 0.22 µg), which was comparable to that of 
celecoxib, a standard anti-inflammatory drug (6.12± 0.18 µg). A molecular docking study 
supported the anti-inflammatory activity of PHNQs, indicating the potential of E. chloroticus 
PHNQ for anti-inflammatory drug development.  
PHNQs were found to be non-toxic to osteoblastic cells after 21 days co-incubation with the 
cells, at concentrations below 62.5 µg/mL. A synergistic effect was observed when PHNQ 
extract at the concentration of 62.5 µg/mL and 1.5 mM CaCl2 resulted in increased mineralized 
nodule formation in Saos-2 cells, over that of PHNQ extract or CaCl2 alone. This indicated that 
PHNQs have the potential to improve the formation of the bone mineral phase and may be 
potentially useful for prevention or treatment of osteoporosis, but further research is required 
to confirm this contention. 
III 
 
This identification and analysis of PHNQs that exhibit antioxidant, anti-microbial, anti-
inflammatory activities, and mineralized nodule formation effect from shell and spine waste of 
E. chloroticus has made a unique contribution to current knowledge of PHNQs, demonstrating 
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Sea urchin shell (with spines) is an inevitable waste product of the sea urchin roe harvesting 
industry and represents a rich source of minerals and bioactive compounds (Amarovicz et al., 
2012; Shang et al., 2014). A major issue for sea urchin roe production is the disposal of shell 
waste, which currently has no economic value, but causes environmental issues such as 
localized concentration of minerals and heavy metals in the dumping ground as well as 
generating an unpleasant odour. Adding value to the shell waste material would be very 
appealing not only to New Zealand, but also to other countries where sea urchins are harvested.  
The sea urchin shell waste material is rich in bioactive polyhydroxylated naphthoquinone 
(PHNQ) pigments and derivatives of PHNQ subtituted with ethyl, acetyl, methoxy or amino 
groups,  that are known as echinochrome and collectively as spinochromes (Shikov, 
Pozharitskaya, Krishtopina and Makarov, 2018). Although spinochrome compounds have been 
studied for over 100 years, there is still some controversy about their structures, stability, 
bioactivities and ecological functions (Anderson et al., 1969; Shikov et al., 2018). A wide range 
of biological activities has been ascribed to the spinochromes, including antioxidant, anti-
microbial, and anti-inflammatory activity. Among all of the known spinochromes, 
echinochrome A is the most well studied and a commercial antioxidant phamaceutical 
‘histochrome’ has been developed as a water-soluble sodium salt of echinochrome A that is 
used for some pharmaceutical applications (Mishchenko et al., 2003).  
Chemical reagents, such as acids, are used to release the PHNQ pigments from the shell and 
spine of sea urchins, because the PHNQs are associated with minerals and proteins, which is 
followed by extraction of the PHNQ from the acidic solution with one or more organic solvents 
(Amarowicz et al., 1994; Brasseur et al., 2017; Kuwahara et al., 2009; Mathieson and Thomson, 
1971; Nishibori, 1959; Shikov et al., 2011). Some disadvantage of this extraction method are 
the harmful effects of the chemical reagents on both the environment and workers, as well as 
their effects on further utilization of the extracts.  
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While there have been many studies conducted on the characterization of PHNQ compounds 
and investigation of their bioactivities in vitro and in vivo, there is no information on PHNQs 
from the New Zealand sea urchin (Evechinus chloroticus) and its bioactivities. The work 
described in this thesis contributes new knowledge towards PHNQ extraction methods and the 
bioactivities of the PHNQs. Different researchers have used various extraction methods 
utilizing variables such as different extraction times and different extraction organic solvents. 
These extraction methods have been used to extract PHNQs from different sea urchin species, 
and thus direct comparisons of the reported PHNQ bioactivities from the different species of 
sea urchins becomes more complicated. In this thesis, a comparison of composition, antioxidant 
and anti-microbial activities of PHNQs obtained by traditional organic solvent methods, a 
macroporous resin method and HPLC fractionation were investigated. Further, the in vivo anti-
inflammatory activity and in vitro mineralization effect on human osteogenic sarcoma  cells 
(Saos-2 cells) of PHNQ crude extract was investigated. The hypothesis researched in this thesis 
is “that the PHNQ compounds from shell and spine waste of New Zealand sea urchin E. 
chloroticus exhibit biological activities with potential health promoting effects”. These 
bioactivities could support future efforts to utilize the shell waste. 
1.1. Objectives of this thesis   
The overall objectives of the research reported in this thesis were to compare different methods 
for the extraction of PHNQ pigments from shell and spine of the New Zealand sea urchin E. 
chloroticus, characterize the PHNQ compounds present in E. chloroticus, and characterize 
selected bioactivities of PHNQs, including in vitro antioxidant and anti-microbial activity, in 
vivo anti-inflammatory activity, and potential in vitro mineral-nodule formation ability using 
Saos-2 cells as a model system.  
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A longer-term objective leading on from this study is to produce PHNQ compounds from E. 
chloroticus for commercial use in food and pharmaceutical applications.  
The specific objectives of this thesis were as follows: 
• Objective 1. To characterize and compare the proximate composition (protein, ash, and 
fat, and mineral contents), and the PHNQ pigment profile of sea urchin shell and spine 
harvested from different locations in New Zealand (Chapter 3). 
• Objective 2. To investigate different extraction methods for PHNQ pigments from E. 
chloroticus shell and spine (Chapter 4). 
• Objective 3. To fractionate the PHNQ crude extracts obtained from E. chloroticus shell 
and spine to enable identification and investigation of individual PHNQs (Chapter 4).  
• Objective 4. To investigate the antioxidant, anti-microbial and anti-inflammatory 
activities of PHNQs obtained by different extraction methods (Chapter 5 and Chapter 
6).  
• Objective 5. To investigate the ability of PHNQs to promote mineralized nodule 
formation in Saos-2 cells (Chapter 7). 
1.2 Thesis structure  
This thesis contains eight chapters (Table 1.1), including this introduction. Chapter two is a 
literature review, which provides up-to-date background information on the topic and critically 
evaluates methods for extraction and characterization of PHNQ compounds and their 
bioactivities and concludes with a set of objectives for the thesis. Chapters three to seven are 
interlinked experimental chapters that are presented as self-contained studies.  
The thesis contains data derived from three sets of experiments.  
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• Extraction, characterization and stability of PHNQ compounds from the shell and spine 
of New Zealand sea urchin (E. chloroticus) (Chapter 4).  
• A comparison of the in vitro antioxidant and anti-antimicrobial activities of PHNQs 
extracted by macroporous resins and organic solvents and fractionated PHNQs, and the 
investigation of in vivo anti-inflammatory activities of PHNQs (Chapters 5 and 6).  
• An investigation of the cytotoxicity of PHNQs on Saos-2 cells and their effect on 
formation of mineralized nodules (Chapter 7).
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Table 1.1. Outline of thesis experimental chapters 
Topic  New Zealand sea urchin E. chloroticus (kina) shell waste: Characterization and activities of PHNQ extracts 
Samples shell (South) spine (South ) shell (North) spine (North) 
Chapter  Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 7 
 
Title  Chemical composition 
of E. chloroticus shell 
and spine and HPLC 
analysis of the PHNQs  
Extraction, structural 
characterization and stability of 
polyhydroxylated 
naphthoquinones from shell and 
spine of E. chloroticus 
In vitro antioxidant and 
anti-microbial activity 
of PHNQs from E. 
chloroticus extracted by 
macroporous resin  
In vitro antioxidant and anti-
microbial activities, and in vivo 
anti-inflammatory activity of 
crude and fractionated PHNQs 
from E. chloroticus) 
Effect of E. chloroticus PHNQ spine on 
formation of mineralized nodules in Saos-2 cells 
Objectives • To characterize E. 
chloroticus 
harvested from the 
North and South 
Islands of New 
Zealand to obtain 
initial understanding 
of the raw materials 
and decide the best 
source for further 
investigation 
• To investigate different 
extraction methods for PHNQ 
pigments from E. chloroticus 
shell and spine using 
traditional organic solvent 
methods and macroporous 
resin methods.  
• To identify PHNQ 
compounds in E. chloroticus 
shell and spine by HPLC-
DAD/MS.  
• To investigate the stability of 
PHNQ extracts in solution. 




microbial activity of 




• To evaluate the TPC, 
antioxidant activity and anti-
microbial activity of crude 
PHNQs extracted by different 
organic solvents and 
fractionated PHNQs 
• To evaluate the anti-
inflammatory activity of 
PHNQs in vivo and in silico  
• To investigate the stability of PHNQs in a cell 
culure model 
• To evaluate the cytotoxiciy of PHNQs and 
echinochrome A  
•  To evaluate the effect of PHNQs and 
echinochrome A on the formation of 
mineralized nodules in Saos-2 cells  
• To evaluate the effect of Ca++ supplementation 
in addition to PHNQs on the formation of 
mineralized nodules 
• To investigate inflammation cytokines and 
MMPs in Saos-2 cells treated with PHNQ. 
Research 
questions  
▪  What is the 
molecular 
compostion of E. 
chloroticus shell 
and spine?  
▪ What is the mineral 
compsition of E. 
chloroticus  shell 
and spine? 
▪ What is the PHNQ 




Zealand locations?  
▪ What are the best methods to 
extract PHNQ from E. 
chloroticus shell and spine? 
▪ Which solvent extracts PHNQ 
most effectively? 
▪ Which macroporous resin has 
the best absorption and 
desorption of PHNQ? 
▪ What is the yield and 
composition of PHNQs 
obtained by different 
extraction methods? 
▪ What is the stability of the 
PHNQs in crude extracts 
under different storage 
conditions? 
▪ What are the 
antioxidant and anti-
microbial activities of 
PHNQ prepared by 
using different 
macroporous resins?  
 
▪ What are the antioxidant and 
anti-microbial activities of 
crude PHNQ extracts obtained 
by different organic solvents 
and PHNQ fractions?  
▪ What is the mode of action of 
PHNQs against bacteria?  
▪ What is the in vivo anti-
inflammatory activity of 
PHNQs?  
 
✓ Are PHNQ extracts stable under cell culture 
conditions?  
✓ Are PHNQ and echinochrome A cytotoxic to 
to SaOS-2 cells ? 
✓ What effect do PHNQs and echinochrome A 
have on the formation of mineralised nodules 
in Saos-2 cells? 
✓ What effect do PHNQs have on inflammatory 
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A sea urchin species that is endemic to New Zealand, E. chloroticus, is known locally as kina. 
E. chloroticus roe is considered a local delicacy and has importance to Maori and Pacific Island 
people. E. chloroticus is widely distributed around costal New Zealand, geographically from 
the Three Kings Islands in the far North to the Snares and Chatham Islands in the South and 
East (Lawrence, 2006). E. chloroticus is typically found on rocky beds up to depths of 50 
meters and typically inhabit the subtidal zones, and prefer rocky or pebbled beds (Barker, 2001). 
E. chloroticus is herbivorous, and competes for food with abalone, and thus its distribution is 
highly dependent on the presence of brown algae such as Fucaleas and Laminaria, which is 
the primary food source of E. chloroticus (Barker, 2001). E. chloroticus may live up to 20 years 
and the size at maturity varies from 30 mm to 75 mm, but the growth of E. chloroticus varies 
regionally and can grow larger than 100-200 mm in diameter (Barker, 2013).  
The shell shape of E. chloroticus resembles a slightly flattened sphere (Figure 2.1). The shell 
is made up of tessellating calcareous plates covered with rows of spines. Regular sea urchin 
like E. chloroticus exhibit pentagonal symmetry with the spines and other morphological 
features arranged along a 5-fold axis (Lawrence, 2006). The spines provide protection and 
locomotion while the ambulacra control the tube feet that can extend out beyond the spines of 
the animal. Each tube foot terminates in a small suction cup, which helps E. chloroticus adhere 
to food and rocky substrate surfaces (Lawrence, 2006). The scientific name for the mouthpart 
is the Aristotle’s lantern, which consists of five segments and is connected internally to the 
anus on the aboral surface via a long tube-gut. The gut consists of three parts: an oesophagus, 
stomach and intestine. The organs are suspended in coelomic fluid, a mixture of immune cells 
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and nutrients in seawater (Johnstone, 2015). E. chloroticus have five gonads that line the 




Figure 2.1 The shell and spine of E. chloroticus 
A. Shell of Evechinus chloroticus (aboral view with spines removed); B. Mature specimen of E. 






2.2. Sea urchin fishery  
2.2.1. The global market  
The global sea urchin production was reported to be 39, 479 tonnes in 2017 (Food and 
Agriculture Organization of the United Nations [FAO], 2017). Japan is the most important 
market for sea urchin roe, where about 90% of the world demand for the product is found. Sea 
urchin roe plays an important role in traditional cuisine and is considered as a delicacy in Japan 
(Reynolds and Wilen, 2000). Sea urchins are also quite popular in some other Asian countries 
such as China. Sea urchin roe is considered to be a healthy food for special groups of people 
such as the elderly because of its high content of unsaturated fatty acids (Liu and Chang, 2015). 
Additionally, there may be an emerging market for sea urchins in high-end restaurants in 
European countries, such as Italy, because sea urchin roe is a basic ingredient for several dishes 
due to it being considered a delicacy.  
Internationally, different types of sea urchins are harvested for their roe (Table 2.1). Green sea 
urchin (Strongylocentrotus droebachiensis), red sea urchin (Strongylocentrotus franciscanus), 
and purple sea urchin (Strongylocentrotus intermedius) are the species that have the highest 
demand globally. Pseudocentratus depressus and Strongylocentrotus purpuratus are also in 
demand but are considered to be of a low grade, so these species are generally utilized in value 
added fermented products (Stefánsson et al., 2017).
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Table 2.1. Distribution of sea urchin species summarized from a review paper by 
Stefánsson et al. (2017) 
 
2.2.2. The status of the New Zealand sea urchin fishery  
In New Zealand, E. chloroticus is the main sea urchin species targeted by fishermen. The 
domestic demand for E. chloroticus roe is reported to be greater than the annual harvest of 
about 800 tonnes (Andrew et al., 2002). Most E. chloroticus are found in waters less than 10 
meters deep and regulations require them to be commercially harvested by breath-held diving. 
Almost all of the roe harvested is consumed in the domestic market due to the limited amount 
of sea urchins harvested annually. In addition, the export market has not been developed 
because there is a specific requirement of taste and colour of the roe, which has been difficult 
to supply consistently from E. chloroticus (Phillips et al., 2009).   
2.2.3. Utilization of marine shell waste and sea urchin shell waste  
Seafood is a rich source of a diverse range of bioactive compounds, including proteins, 
unsaturated fatty acids, vitamins, and essential amino acids. As a result, aquaculture has 
become the fastest growing animal-food-producing sector and a wide variety of products are 
being produced including finfish, crustaceans such as shrimps, prawns, crabs, and shellfish 
Scientific name Common name  Distribution 
Strongylocentrotus purpuratus Purple sea urchin  Pacific Ocean extending from Ensenada, 
Mexico to British Columbia, Canada. 
Strongylocentrotus intermedius  Sea of Japan, Pacific Ocean 
Strongylocentrotus franciscanus      Red sea urchin  Northeast Pacific 
Strongylocentrotus nudus       Japan, China 
Strongylocentrotus_droebachiensis Green sea urchin The Pacific and Atlantic Oceans to a northerly 
latitude of 81 degrees and as far south as Puget 
Sound (Washington State) and England 
Strongylocentrotus pallidus  Russia 
Evechinus chloroticus Kina New Zealand 
Heliocidaris erythrogramma Purple sea urchin  Australia  
Loxechinus albus  Chilean sea urchin  Chile, Peru 
Paracentrotus lividus  Atlantic and Mediterranean 
Glyptocidaris crenularis    China 
Psammechinus miliaris  Northeast Atlantic 
Anthocidaris crassispina  Japan, Korea, China 
Pseudocentratus depressus,   Japan, Korea, 
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such as clams, oysters, and mussels, as well as seaweeds and other marine plants (Subasinghe, 
2017).  
World harvest (from open water) of fish, crustaceans, and molluscs reached 100 million tonnes 
in 2017 (capture and aquaculture) (FAO, 2017). More than 70% of the total production is 
utilized in further processing. The large quantity of processed aquaculture species, in addition 
to the processed harvest from open water, results in large amounts of marine by-product waste, 
such as crustacean shells, viscera, heads, skins, fins, trimmings, and shellfish waste, that are 
generated and discarded annually. It is estimated that about 25% of the total weight of annual 
marine production is discarded as waste, which is equivalent to more than 20 million tonnes 
(Malik and Grohmann, 2011). These wastes are normally either disposed of in landfill, 
processed into feedstock, or used as a fertilizer. Landfilling of waste shells can cause many 
environmental issues such as generation of off-odours, contamination of air, soil pollution, and 
damage to the marine ecosystem (Jung et al., 2012). There is considerable potential for 
conversion of this waste into value-added products to resolve some of the issues associated 
with environment pollution and cost of disposal. Research in the area of renewable and marine 
by-products has increased significantly over the past decade. Shells account for a significant 
proportion of seafood processing waste that is not being widely utilized and hence provides 
significant opportunities for development of value-added products. There is increasing interest 
in conversion and utilization of these waste materials. The majority of marine shells are 
composed of more than 90% calcium carbonate, which can be converted to different calcium 
containing products such as calcium phosphate, and calcium citrate with biomedical and food 
industry applications. Shrimp and crab shells contain a high protein content (40%), as well as 
calcium carbonate (30%), chitin (20–25%), lipid, and pigments. The current application of 
crustacean waste is mainly focused on the production of chitin using chemical methods that 
require the use of large amounts of hazardous chemicals (NaOH and HCl) that can have 
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environmental considerations. During this chemical process, the protein component in the 
shells is not recovered. The use of enzymatic processing methods can solve this issue and 
proteins, chitin, and pigments can be recovered.  
Sea urchin shells are potentially a source of by-products that can be used in the production of 
inorganic calcium with application in feedstuffs. Calcium carbonate is the major constituent in 
sea urchin shell and is a preferred source of calcium supplements because of its high density 
of elemental calcium (about 40% by weight) (Qin et al., 1998). The mixture of calcium 
carbonate and calcium citrate made from sea urchin shell can be used as an oral calcium 
supplement. Qin et al. (1998) reported a positive effect on bone debilitation in rats from puberty 
to early adulthood using the calcium supplement made by sea urchin shells, while Kim  et al. 
(2015) showed that adding 1% sea urchin shell powder to feedstuff would increase DPPH 
radical scavenging and the fatty acid profiles of broiler breast meat. Another study also showed 
that the use of sea urchin powder improved growth performance in chicken by decreasing the 
ammonia level (Kim et al., 2013). In addition, another utilization of sea urchin shells is an 
antioxidant pharmaceutical histochrome based on echinochrome A. This is discussed in the 
next section. 
2.3. Polyhydroxylated-1,4- naphthoquinones (PHNQs) of the 
spinochrome class 
2.3.1. Introduction 
Rational use of biological resources of the aquatic environment is a realistic scientific and 
practical goal since marine organisms represent 70% of the organisms on earth. Marine 
hydrobionts, such as sea urchins, harvested specifically for their gonads, are a valuable 
renewable food resource. At the same time, waste from processing can serve as a unique source 
of various natural compounds, which can be the basis for the creation of various biomaterials 
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(Shavandi et al., 2016; Zhang and Vecchio, 2013), effective medicinal and para-pharmaceutical 
preparations (Pozharitskaya et al., 2013), as well as functional food products (Pozharitskaya et 
al., 2013; Shikov et al., 2011; Zhou et al., 2011). Many species of regular sea urchin are 
commercially harvested because their gonads are consumed in many countries of Asia, the 
Mediterranean and North America. After the removal of the gonads, large amounts of sea 
urchin shell are left as waste. This shell material is rich in bioactive quinonoid pigments, 
principally spinochromes (Shikov et al., 2011; Soleimani et al., 2016a). Although this class of 
compounds has been known for over 100 years (Anderson et al., 1969; Shikov et al., 2018), 
there is still some controversy relating to their structures, stability, bioactivities and ecological 
functions. A critical evaluation of existing data on spinochrome structures, distribution, 
isolation and identification techniques, stability and biomedical applications is presented in the 
following section. 
2.3.2. The structure and nomenclature of spinochromes 
Spinochromes are naphthoquinone derivatives of either juglone (5-hydroxy-1,4-
naphthoquinone) or naphthazarin (5,8-dihydroxy-1,4-naphthoquinone) that are substituted 
with various functional groups such as ethyl, acetyl, methoxyl, and amino groups. The first 
discovered compound of this class, a red pigment in the coelomic fluid of Echinus esculentus 
(MacMunn, 1885) was called ‘echinochrome’, without knowing its chemical composition. The 
structure of this ‘echinochrome’ was established later by Kuhn and Wallenfels (1940) as 6-
ethyl-2,3,7-trihydroxynaphthazarin and it was named echinochrome A (Table 2.2, structure 1). 
Subsequently, a number of pigment compounds were isolated from the shells and spines of 
various sea urchin species, and these were named spinochromes to distinguish them from the 
echinochrome A found in the coelomic fluid, ovaries and internal organs of sea urchins 
(Anderson et al., 1969). However, it was found later that echinochrome A is also a major 
pigment component of the shell and spine of many sea urchins, so it was assigned to the class 
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of spinochromes, but the original name echinochrome has remained (Kol'tsolva and Maximov, 
1981). 
New spinochromes were named based on the first letter of the name of the sea urchin species 
that they were isolated from, for example, spinochrome P was first isolated from Paracentrotus 
lividus. Spinochromes extracted from several sea urchin species have been named as 
spinochromes A, F, C, M and H as well as others that are described in the literature (Anderson 
et al., 1969). It was later shown that many quinones previously designated with different letters 
are in fact the same compound. Goodwin and Srisukh (1950) revised the nomenclature of all 
spinochromes known at that time and proposed naming them in alphabetic order, as 
spinochromes A (2), B (3), C (4), D (5) and E (6), with the numbering as indicated for the 
structures summarised in Table 2.2. Aside from the original naming of these six most 
commonly found spinochromes, PHNQs of the spinochrome class are now generally named as 
substituted juglones or naphthazarins (Anderson et al., 1969).  
Anderson et al. (1969) summarized the data on the distribution of spinochromes in almost 60 
species of sea urchins and established that echinochrome A and spinochromes A-E are the most 
common pigments found in sea urchins. The composition of different spinochromes is specific 
for different sea urchin species, and in addition to the six most common spinochromes, some 
species may also contain specific structural analogues. For example, for the sea urchins 
Echinothrix calamaris and Echinothrix diadema from the Hawaiian coast, nine quinonoid 
pigments (7-16) that are derivatives of either juglone or naphthazarin were isolated along with 
mompain (17), commonly found in fungi, and 2-hydroxy-2'-methyl-2'H-pyrano[3,2-b]-
naphthazarin (18), the only spinochrome known to have a C4 unit attached to the 
naphthoquinone ring structure (Moore et al., 1966). The compound 3-acetyl-2,7-dihydroxy-6-
methylnaphthazarin (19) was first isolated from the shells and spines of the sea urchin 
Strongylocentrotus nudus (now known as Mesocentrotus nudus) (Kol'tsova et al., 1978).   
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Two monomethyl ethers of echinochrome A (20-21) have been isolated from the tropical sea 
urchin Diadema antillarum (Mukai, 1960). Methylated spinochromes previously had only been 
isolated from other echinoderms, such as asteroids, holothuroids and ophiuroids (Mukai, 1960). 
Subsequently, these compounds were also found in other Diadema species such as D. setosum 
and D. savignyi and recently in the North Pacific sea urchin Strongylocentrotus droebachiensis 
(Shikov et al., 2017). Furthermore, in S. droebachiensis and its related species S. polyacanthus, 
Vasileva et al. (2017) reported two novel compounds by using HPLC-DAD-MS, that were 
mono- and dimethoxy- derivatives of spinochrome E (22) that have not been found in other sea 
urchins, and have been reported previously only in asteroids and holothuroids.  
The first spinochrome dimers - ethylidene-3,3'-bis (2,6,7-trihydroxynaphthazarin) (23) and its 
anhydro derivative (24) were isolated from heart urchin Spatangus purpureus (Mathieson and 
Thomson, 2012). Later, Utkina et al. (1976), working with Strongylocentrotus intermedius and 
Kol'tsova et al. (1978) working with S. droebachiensis, isolated binaphthoquinones with the 
same molecular masses. Based on different melting points and detailed 13C-NMR spectra 
analysis, it was established that the ethylidene bridge binds the phenyl but not the quinonoid 
rings of the two naphthazarin fragments of the isolated binaphthoquinones, so their structures 
were elucidated as ethylidene-6,6'-bis(2,3,7-trihydroxynaphthazarin) (25) and 7,7'-
anhydroethylidene-6,6'-bis(2,3,7-trihydroxynaphthazarin) (26). Recently, binaphthoquinone 
with characteristics similar to compounds 23 and 25 and its anhydrous derivative with 
characteristics similar to compounds 24 and 26 were isolated from the tropical sea urchin 
Astropyga radiata, and their structures were analysed using 2D-NMR procedures, which were 
not available earlier (Vasileva et al., 2017). It was established that these compounds 
predominantly exist as ethylidene-3,3'-bis(2,6,7-trihydroxynaphthazarin) (23) and 7,7'-
anhydroethylidene-6,6'-bis(2,3,7-trihydroxynaphthazarin) (26), respectively (Vasileva et al., 
2017). In addition to these two binaphthoquinones from sand dollar Scaphechinus mirabilis, 
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an isomer of compound 26 was isolated, which was the first unsymmetrical binaphthoquinone 
named mirabiquinone (7,5'-anhydroethylidene-6,6'-bis(2,3,7-trihydroxynaphthazarin) (27) 
(Mishchenko et al., 2014). 
Four novel compounds, spinazarin (28) and ethylspinazarin (29) that previously were not 
considered to be natural pigments, echinamines A (30) and B (31), the first representatives of 
aminated spinochromes, were all isolated from S. mirabilis (Mishchenko et al., 2005; 
Yakubovskaya et al., 2007). A group of Chinese scientists using UPLC found two new 
aminated quinonoid pigments, aminopentahydroxynaphthoquinone and 
acetylaminotrihydroxynaphthoquinone, in the sea urchin Strongylocentrotus nudus (Zhou et 
al., 2011). Later, the aminopentahydroxynaphthoquinone was isolated from the sea urchins S. 
nudus and S. pallidus, and the structure of the compound was elucidated to be 2-amino-
3,5,6,7,8-pentahydroxy-1,4-naphthoquinone using 1D 1H- and 13C-NMR and 2D NMR 
procedures and was named spinamine E (32) (Vasileva et al., 2016).  
Powell et al. (2014), using LC-MS, discovered the sulfated spinochromes B and E and their 
structures were deduced based on the measurement of their accurate masses. Sulfated 
spinochromes had not been reported previously in sea urchins and the role of sulfated 
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Figure 2.2. Structure of known spinochromes 




Table 2.2. Structure of known spinochromes 
No. Structure elucidation R2 R3 R5 R6 R7 R8 Molecular 
formula 
Molecula
r mass  








COCH3 OH OH OH H OH C12H7O7 263 Spinochrome A (Anderson et al., 1969) 
3 2,3,5,7-tetrahydroxy-1,4-
naphthoquinone 




COCH3 OH OH OH OH OH C12H7O8 279 Spinochrome C (Anderson et al., 1969) 
5 2,3,5,7,8-pentahydroxy-
1,4-naphthoquinone 
OH OH OH H OH OH C10H6O7 237 Spinochrome D (Anderson et al., 1969) 
6 2,3,5,6,7,8-hexahydroxy-
1,4-naphthoquinone 
OH OH OH OH OH OH C10H6O8 252 Spinochrome E (Anderson et al., 1969) 
7 6-ethyl-2,5-dihydroxy-1,4-
naphthoquinone 
OH H OH C2H5 H H C12H10O4  218  (Moore et al., 1966) 
8 6-acetyl-2,5,7-trihydroxy-
1,4-naphthoquinone 
OH H OH COC
H3 










OH OH OH COC
H3 




OH COCH3 OH OH OH H C12O7H8 264  (Moore et al., 1966) 
12 2,5,8-tryihydroxy-1,4-
naphthoquinone 
OH H OH H H OH C10O5H6 206 Naphthopurpurin (Moore et al., 1966) 
13 3-acetyl-2,5,8-trihydroxy-
1,4-naphthoquinone 
OH COCH3 OH H H OH C12O6H8 248  (Moore et al., 1966) 
14 6-ethyl-2,5,8-trihydroxy-
1,4-naphthoquinone 
OH H OH C2H5 H OH C12O5H10 234  (Moore et al., 1966) 
15 6-acetyl-2,5,8-trihydroxy-
1,4-naphthoquinone 
OH H OH COC
H3 




OH C2H5 OH H OH OH C12H10O6 250  (Moore et al., 1966) 
17 2,5,7,8-tetrahydroxy-1,4-
naphthoquinone 
OH H OH H OH OH C10H6O6 222 Mompain (Moore et al., 1966) 
18 2-hydroxy-2'-methyl-2'H-
pyrano[2,3-b]naphthazarin 
OH  OH C4-
unit 





















OCH3 OH OH OH OH OH C11H8O8 268 Namakochrome (Mukai, 1960) 
28 2,3,5,8-tetrahydroxy-1,4-
naphthoquinone 
























2.3.3. Biosynthesis of spinochromes 
In contrast to plant and fungal quinones, biogenesis of animal-derived naphthoquinones is not 
well investigated. The pioneer study of spinochrome biosynthesis was performed by Salaque 
et al. (1967) using the adult Arbacia pustulosa sea urchin. In a study by Salaque et al. (1967), 
sea urchins were divided into three treatment groups and each group was injected in the 
coelomic cavity with either [2-14C]-acetate, L-[methyl-14C]-methionine or [3-14C]-propionate. 
Ten days after injection, the sea urchins were sacrificed, and their shells and internal organs 
were extracted with different solvents and the radioactivity in their biological materials was 
determined. The highest level of radioactivity was found to be incorporated in echinochrome 
A following [2-14C]-acetate treatment and the radioactivity level remained constant after three 
recrystallization steps to exclude contaminants and impurities. Interestingly, the radioactivity 
of the side chain of echinochrome A was relatively low, so it was suggested that biogenesis 
may proceed in two stages – first, cyclisation of a single polyketide derived from five acetate 
residues and then the introduction of the side chain. This was in agreement with the observation 
that spinochromes both with and without a two-carbon side chain (either ethyl or acetyl) 
frequently occur together in the same animal. Thus, Salaque et al. (1967) established the de 
novo synthesis of echinochrome A in sea urchins and suggested a common scheme for 
spinochrome biogenesis (Figure 2.3). Nevertheless, the authors did not exclude the possibility 
of the participation of microbial flora in the biosynthesis process.  
 
 




Another argument supporting the polyketide origin of spinochromes relates to the meta-
positions of hydroxyls in spinochromes A and B, and that all alkylated naphthoquinones of sea 
urchins (as can be seen from the Table 2.2) have a -COCH3 or -CH2-CH3 side chain. However, 
no naphthoquinones having a methyl side chain (Table 2.2) that is characteristic of plant 
quinones biosynthesized by other pathways are known. These features seem significant and are 
consistent with the polyketide hypothesis of biosynthesis proposed above. 
To achieve polyketide biosynthesis in sea urchins, there is a need for specific enzymes. 
Polyketide synthases (PKSs) are a large family of multifunctional enzymes that catalyse the 
biosynthesis of different groups of compounds, which are mainly produced by bacteria, fungi, 
and plants. Animal PKS genes were first discovered in sea urchins, indicating that spinochrome 
pigments are produced by sea urchins with their own enzymes and likely not involving 
endosymbionts (Calestani et al., 2003).   
Ageenko et al. (2011) analysed PKS and sulfotransferase (sult) gene expression in embryos 
and larvae of the sea urchin S. intermedius at various stages of development and in specific 
tissues of the adults. The authors found that addition of shikimic acid to zygotes and embryos 
increased the expression of the PKS and sult genes. Based on this, the authors suggested that 
spinochromes are generated after a series of enzymatic, oxidative, and photochemical reactions 
from shikimic acid, such as that occurring for the formation of the plant quinone chimaphilin. 
However, animals (Metazoa), including sea urchins, do not have a shikimate synthesis pathway 
(Herrmann and Weaver, 1999), since proteinogenic aromatic amino acids and other necessary 
products of the shikimate pathway are obtained in sufficient quantities from food (or from 




2.3.4. Functions of spinochromes 
Despite spinochromes having been studied for quite a long time, it is still not known what 
functions they perform in sea urchins. Since secondary metabolites are often considered to play 
a protective role against bacteria, fungi, amoebae in plants, insects, and large animals (Demain 
and Fang, 2000), spinochromes might be utilized by sea urchins for protection. It has been 
shown that sea urchin extracts or individual spinochromes exhibit anti-microbial (Stekhova et 
al., 1988), antibacterial (Brasseur et al., 2017; Haug et al., 2002) and anti-algal (Sime, 1985) 
activities. Considering that spinochromes are located in the shell of sea urchins, it seems logical 
that they may be intended for protection from various pathogens (Brasseur et al., 2017; Haug 
et al., 2002; Stekhova et al., 1988). Early suggestions that spinochromes have a respiratory 
function could not be confirmed (Tyler, 1939; White, 1965), and the participation of 
spinochromes in photoreception remains an open question (Thomson, 2012). The presence of 
pigment granules with an unknown composition in coelomic fluid (Boolootian, 1962), eggs 
(Drozdov and Vinnikova, 2010) and embryos (Kominami et al., 2001) of sea urchins has also 
been reported. It is believed that the pigment granules of the coelomic fluid, the red 
spherulocytes, might be involved in the immune response of sea urchins. Many studies have 
shown that the number of red spherulocytes significantly increases with stress in sea urchins, 
such as stress caused by a change in the temperature of the water or its salinity (Branco et al., 
2013; Branco et al., 2012), hypoxic conditions (Suh et al., 2014), or wounding of the shell 
(Pinsino and Matranga, 2015). The role of the presence of pigment in the jelly coat of eggs of 
some sea urchin species and in embryos is still unclear. 
2.3.5. Distribution of spinochromes 
Currently there are slightly more than 1000 extant sea urchin species known from the oceans 
of the world, including the Arctic and Antarctic seas (Kroh and Mooi, 2018). However, only a 
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very small number of investigations have been performed on spinochromes in these species to 
date. A search of the literature indicates that only around 70 species from the class Echinoidea 
have been investigated by marine natural product chemists. Anderson et al. (1969) conducted 
a large-scale study of the distribution of spinochromes in the shells of almost 60 species of 
regular (spherical) and irregular (flat and heart shaped) sea urchins. The data were summarised 
in a review and in a monograph reported by his co-worker Thomson (Anderson et al., 1969; 
Thomson, 2012). The distribution of spinochromes in sea urchins that have not been mentioned 
by Anderson et al. (1969) and Thomson (2012) is summarized and differences in pigment 
composition that have been reported more recently is highlighted in Table 2.3 and the details 
are discussed in Appendix I. 
From the reported data on spinochrome composition in different sea urchins, it can be seen that 
spinochrome pigment compositions are not always species-specific. In addition, sea urchins 
from one genus may have different compositions of spinochromes, as for example in the case 
of the Strongylocentrotus sea urchins (Table 2.3). Nevertheless, it is possible to trace certain 
regularities. For example, both sand dollars from the order Clypeasteroida contain 
echinochrome A and binaphthoquinones (23, 26 and 27), and the majority of tropical sea 
urchins contain echinochrome A as a main pigment. 
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Table 2.3. Distribution of spinochromes in sea urchins 
Species 
The six main spinochromes  
Others2 Reference  
EA1 A B C D E 
Camarodonta; Echinometridae 
Echinometra mathaei 
+ + + +   – (Soleimani et al., 2016) 
+ + + +  + – (Brasseur et al., 2017) 
Anthocidaris crassispina 
(Heliocidaris crassispina) 
+ + + +   – (Kuwahara et al., 2009) 
Camarodonta; Parechinidae 
Psammechinus miliaris + + + +  + 
6, sulfate derivatives of 3, 
and 32 
(Powell et al., 2014) 
Camarodonta; Strongylocentrotidae 
Strongylocentrotus nudus 
+ + + +  + 19 (Kol'tsova et al., 1977) 
+ + + +  + 
Acetylaminotrihydroxynaphtho-
quinone, 32,19 
(Zhou et al., 2011) 





 +  + + + 25, 26 (Kol'tsova et al., 1978) 
  +  +  
25, 26, unknown spinochrome 
dimers with molecular masses 
536 and 484 
(Shikov et al., 2011) 






(Vasileva et al., 2017) 
Strongylocentrotus 
intermedius 
 + + + +  25 (Utkina et al., 1976) 
  +    – (Li et al., 2013) 
Strongylocentrotus pallidus      + 32 (Vasileva et al., 2017) 
Strongylocentrotus 
polyacanthus 
+ + + + + + Dimethoxy derivative of 6, 32  (Vasileva et al., 2017) 
Camarodonta; Toxopneustidae 
Toxopneustes pileolus 
 + + +   – 
(Kol′tsova and 
Krasovskaya, 2009) 
+ + + + + + – (Brasseur et al., 2017) 
Tripneustes gratilla +    + + 17 (Brasseur et al., 2017) 
Clypeasteroida; Echinarachniidae 




The six main spinochromes  
Others2 Reference  
EA1 A B C D E 
Clypeasteroida; Scutellidae 
Scaphechinus mirabilis +    +  30,31, 28, 29, 27, 26, 23 
(Mishchenko et al., 
2005; Mishchenko et al., 




Astropyga radiata +    + + 23, 26 (Vasileva et al., 2017) 
Spatangoida; Schizasteridae 
Brisaster latifrons +    + + 26 (Vasileva et al., 2017) 
Stomopneustoida; Glyptocidaridae 
Glyptocidaris crenularis   +  + + – (Li et al., 2013) 
1 Echinochrome A 
2 Numbers in this colume corresponding to numbers in Table 2.2 showing different structure. 
 
Interestingly, in many cases recent spinochrome composition determination differs from that 
published previously. For example, earlier findings by Anderson and co-authors did not 
describe echinochrome A as being present in E. mathaei, H. crassispina, P. milliaris,  and T. 
gratilla  (Anderson et al., 1969), but recent reports have found this compound in all of these 
species (Brasseur et al., 2017; Kuwahara et al., 2010; Powell et al., 2014; Soleimani et al., 
2016). It was likely more challenging to identify spinochromes earlier because of a lack of 
modern instrumentation such as HPLC-MS and high-resolution NMR. It is also well known 
that the composition of secondary metabolites in marine organisms may differ significantly 
due to geographic, ecological, seasonal, gender and other variables (Salehi et al., 2019). 
Therefore, it is very likely that differences in spinochrome compositions in sea urchins of the 
same species may be due to these variables. For example, S. droebachiensis collected from the 
Barents Sea (Shikov et al., 2011), the Bering Sea (Kol'tsova et al., 1977), and the Sea of 
Okhotsk (Vasileva et al., 2017) contained different compositions of spinochrome pigments. 
Even S. droebachiensis collected in the Sea of Okhotsk, but from different depths, had 
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variations in pigment composition and content (Vasileva et al., 2017). Since several sea urchin 
species (such as S. mirabilis and S. droebachiensis) are harvested commercially and the 
pigments extracted may be used in biomedical preparations, it is important to take into account 
geographic, environmental and other factors and provide information on the composition of 
quinonoid pigments. 
2.3.6. Extraction, fractionation and identification of spinochromes 
Considering that sea urchin quinones most commonly occur in the shell and spines in pigment 
granules associated with the Ca2+ and Mg2+ based mineral phase and with proteins, chemical 
reagents need to be used to release the pigments from this material. The general scheme of 
spinochrome pigment isolation is to treat sea urchin shell and spine with an acidic solution to 
dissolve the mineral structure, followed by extraction of the pigments from the acidic solution 
with one or more organic solvents and then to fractionate the crude pigment mixture by 





Figure 2.4. Summary of extraction, purification and identification methods for 
spinochrome pigments from sea urchin shells and spines. 
 
 
2.3.6.1. Extraction of spinochromes  
Hydrochloric acid is commonly used for dissolving the shell and spine mineral structure and 
the solution obtained is commonly extracted with diethyl ether (Amarowicz et al., 1994; 
Brasseur et al., 2017; Kuwahara et al., 2009; Mathieson and Thomson, 1971; Nishibori, 1959; 
Shikov et al., 2011). The use of other organic solvents has been reported, including chloroform 
(Vasileva et al., 2017), ethyl acetate (Powell et al., 2014) and butanol (Kol'tsova and 
Krasovskaya, 2009) to extract the pigments from the acid solubilised solution. Zhou et al. (2011) 









•Diethyl ether / chloroform / ethyl acetate /butanol 
•Combination of different organic solvent 
Purification and 
separation 
•Column chromatography on acid-washed silica-gel
•Gel-chromatography on Sephadex LH-20 
•Reversed-phase chromatography on Toyopearl HW-40









generated carbon dioxide which they said affected the subsequent extraction, so they reported 
the use of an HCl-ethanol-aqueous solution with fractionation of the pigment extract on NKA-
9 macroporous resin. Mishchenko and co-workers (Mishchenko et al., 2005; Mishchenko et al., 
2014; Vasileva et al., 2017; Vasileva et al., 2016) used ethanol containing 10% (v/v) H2SO4 
for spinochrome extraction. Water-insoluble CaSO4 formed by calcium reaction with H2SO4 
could be easily removed by filtration or centrifugation compared with the water-soluble CaCl2 
produced by hydrochloric acid solubilisation. Following vacuum concentration, the ethanolic 
extract was then partitioned between water and chloroform or ethyl acetate (Mishchenko et al., 
2005; Mishchenko et al., 2014; Vasileva, et al., 2017; Vasileva et al., 2016). Some investigators 
have used organic acids for the release of pigments from the shell and spine. For example, 
Powell et al. (2014) suggested formic acid for spinochrome extraction because carbon dioxide 
was not generated as a result of the reaction between the organic acid and calcium carbonate 
in the shell. For pigment mixture fractionation, solid phase extraction (SPE) using GIGA C18E 
units was performed that generated a cleaner and better fractionation, but the authors noted a 
reduced yield of pigments due to a low desorption rate (Powell et al., 2014). 
2.3.6.2. Purification of spinochromes  
Methods of purification and identification of spinochrome pigments are similar to those 
commonly used in natural product chemistry. Usually spinochromes are separated by column 
chromatography on acid-washed silica-gel (Anderson et al., 1969; Kol'tsova et al., 1978; 
Nishibori, 1959; Utkina et al., 1976), followed by gel-chromatography on Sephadex LH-20 
(Amarowicz et al., 1994) or reversed-phase chromatography on Toyopearl HW-40 
(Mishchenko et al., 2005). To obtain soluble forms of spinochromes for effective separation 
during subsequent chromatography, acetates, leuco-acetates and methyl ethers of 
hydroxyquinones can be prepared. Based on the assumption that spinochrome methyl ethers 
do not occur naturally, Thomson (2012) methylated partially purified fractions, separated them 
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and hydrolysed the isolated individual methyl ethers. However, as spinochrome methyl ethers 
have been found in several sea urchin species (Anderson et al., 1969; Kol'tsolva and Maximov, 
1981; Kol'tsova et al., 1978; Vasileva et al., 2017), this technique should be applied only after 
careful consideration.  
2.3.6.3. Identification of spinochromes  
Various colour reactions have been used for the identification of quinonoid pigments (Thomson, 
2012). Over the years, colour reactions and thin layer chromatography have been replaced with 
modern spectroscopic methods. A significant contribution to spectroscopic and mass-
spectrometric studies of spinochrome pigments was made by a group of scientists under the 
supervision of Paul Scheuer from the University of Hawaii, who used 1H NMR, UV and mass-
spectrometry to study a large number of substituted naphthoquinones (Moore et al., 1966; 
Becher et al., 1966; Singh et al., 1968). 
The absorption spectra of spinochromes are very characteristic and consist of a combined 
benzenoid and quinonoid band at λ 254-290 nm, a small quinonoid band in the 310-480 nm 
region and a benzenoid multi-banded absorbance centred near 500 nm (Singh et al., 1968). The 
presence of a methoxyl substituent in a 1,4-naphthazarin molecule bathochromically shifts the 
absorbance band from 500 nm to 520-530 nm (Vasileva et al., 2017). The quinonoid electron 
transfer band and combined benzenoid and quinonoid band in the absorption spectrum of 
aminated spinochromes are usually bathochromically shifted 15-20 nm compared with that of 
their hydroxylated analogues (Mishchenko et al., 2005; Vasileva et al., 2016). Acetyl 
substituents does not contribute to the absorption spectra of spinochromes, as for example, 
despite spinochromes A and C both having an acetyl substituent and differing only in one 
hydroxyl group, their absorption spectra are quite different (Vasileva et al., 2017; Zhou et al., 
2011).   
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The quinonoid carbonyl frequencies of naphthazarins are useful diagnostic aids in the 
determination of their structures (Thomson, 2012). The carbonyl absorption νCO of 
naphthazarins occurs at 1590-1620 cm-1 and in the same interval C=O and C=C correlations 
are displayed as a mixed band. In the IR spectra of naphthazarins, there is a broad (2200-3400 
cm-1) absorption band corresponding to α-hydroxyls that form a strong intramolecular 
hydrogen bond with quinonoid carbonyls. Signals emanating from β-hydroxyl and amino 
substituents are located at frequencies in the range of 3310-3525 cm-1 (Glazunov and 
Berdyshev, 2014).  
Moore et al. (1966) correlated the chemical shifts in 1H NMR spectra of hydroxyl, acetyl, ethyl, 
methoxyl, and acetoxyl substituents and their influence upon each other at various 
naphthoquinone ring positions. It was established that α-hydroxyl protons give singlet signals 
around δH 11.5-13.3. Generally, the signals of β-hydroxyl protons (δH 6.4-10.5) and amino 
group protons (δH 5.4-6.0) appear as broadened singlets. The chemical shift of the free proton 
in the naphthoquinone nucleus is around δH 6.2-7.6. Ethyl substituents give two characteristic 
signals – a quartet of a methylene group (δH 2.6-2.8) and a triplet of a methyl group (δH 1.1-
1.3). The singlet signal of an acetyl substituent has a δH value around 2.5-2.9, and of a methoxyl, 
3.9-4.2. Signals of the ethylidene bridge that connects naphthazarin moieties of bi-
naphthoquinones are comprised of a quartet at δH 4.4-4.8 and a doublet at δH 1.4-1.6. Until 
recently, 13C NMR data was not available for the majority of spinochromes, but in the last 
decade, it has been reported for a number of these compounds. Chemical shifts associated with 
the nodal carbons C-9 and C-10 have δC values around 101.8-110.2. Signals of carbonyl 
carbons C-1 and C-4 appear at δC 169.0-182.8. Carbons attached to hydroxyls have a δC value 
of 135.8-160.6. The chemical shift of the carbon atom substituted with an aliphatic chain is 
around δC 120.0-136.7. The methyl carbon of an ethyl substituent has a chemical shift at δC 
12.0-13.5, and a methylene carbon at δC 16.2-17.2. An ethylidene bridge exhibits a signal 
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corresponding to a methyl carbon at δC 17.6-22.7 and a methine carbon at δC 23.1-27.7. The 
signal of a methoxyl carbon has a chemical shift of around δC 60.9-61.6. 
In the last decade, a total chemical shift assignment based on 2D NMR experiments, 
specifically Heteronuclear Multiple Bond Correlation (HMBC), have been reported for a 
number of spinochrome pigments. Interpretation of HMBC data for spinochromes is usually 
complicated because the proton signals of β-hydroxyls are broad and give no sharp peaks. To 
date, for several spinochromes a total chemical shift assignment has been reported based on 
2D NMR, including spinochrome D  (Vasileva et al., 2017), echinochrome A (Vasileva et al., 
2017), echinochrome A methyl ethers (Vasileva et al., 2017), echinamines A and B 
(Mishchenko et al., 2005), spinamine E (Vasileva et al., 2016), mirabiquinone (Mishchenko et 
al., 2014), ethylidene-3,3'-bis(2,6,7-trihydroxynaphthazarin) and 7,7'-anhydroethylidene-6,6'-
bis(2,3,7-trihydroxy-naphthazarin) (Vasileva et al., 2017).  
Although X-ray crystallography has played a key role in determining the structure of numerous 
marine natural products for decades, there is only one report of a crystallographic study of sea 
urchin quinonoid pigments (Gerasimenko et al., 2006). This X-ray analysis examined the 
molecular structure of echinochrome A and the stable complex formed during the extraction 
and purification of echinochrome using dioxane (Gerasimenko et al., 2006).  
The electron-impact-induced fragmentation characteristic for naphthoquinones is the loss of 
one or two molecules of carbon monoxide and elimination of an acetylenic fragment from the 
quinonoid ring. If the remaining fragment is hydroxylated, the breakdown is accompanied by 
a characteristic hydrogen rearrangement (Bowie et al., 1965). Nowadays, the most common 
type of ionization for spinochrome identification is electrospray (ESI), and under such 
conditions spinochromes form [M – H]– ions easily (Brasseur et al., 2017; Li  et al., 2013; 
Powell et al., 2014; Shikov et al., 2011; Vasileva et al., 2017; Zhou et al., 2011). High resolution 
ESI mass spectrometry and MS/MS techniques are widely used (Li et al., 2013; Powell et al., 
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2014; Shikov et al., 2011; Zhou et al., 2011). MS/MS fragmentation involves either a loss of a 
molecule of water (M–18), a molecule of carbon monoxide (M–28) or loss of both of them 
(M–46) (Powell et al., 2014).  
Currently, HPLC coupled with UV and mass detection is used as a rapid and accurate method 
for the identification of spinochrome pigments (Kuwahara et al., 2010; Li et al., 2013; 
Mishchenko et al., 2005; Soleimani et al., 2016a; Vasileva et al., 2017; Vasileva et al., 2016; 
Zhou et al., 2011). The HPLC condition of purification and identification of spinochrome is 
summarized in Table 2.4.
35 
 
Table 2.4. Method of extraction, purification, and identification of spinochrome and HPLC conditions 
Source  Extraction 
method  
Method  Mobile phase  Gradient  Flow rate Wavelength  column Ref. 
Psammechinus miliaris Solid phase 
extraction 
LC-MS A: 20 mmol/L formic acid  
B: 20 mmol/L formic acid 
+ acetonitrile 
0–30 min 5%–40% B 0.2 mL/min 280/365 
/520 nm 














B: 0.1% formic acid 
0–20 min 10%–50% A 0.2 mL/min 475 nm 100 mm × 2.1 
mm 
C18 1.7 µm 
(Li et al., 2013; 








A: 0.2% formic acid 
B: acetonitrile +0.2% 
formic acid 
0–3 min 5% B 
0–40 min 50%–40% B 
40–45 min 40% B 
0.3 mL/min 340 nm 100 mm × 2.1 
mm 
C18 3.5 µm 
(Shikov et al., 
2011) 




A: 0.1% formic acid 
B: MeOH:acetonitrile 
(5:9) 





 (Kuwahara et 
al., 2010) 
Scaphechinus mirabilis Solvent 
extraction 
HPLC    
 









   
 




2.3.7. Stability of spinochromes 
It is important to investigate the stability of spinochromes during isolation, separation and storage 
since it is critical for their functionality and application. However, few publications have reported 
the stability of spinochromes under different chemical conditions. Zhou et al. (2012) investigated 
the stability of spinochrome crude mixtures recovered from S. nudus shell. The authors found that 
pigments in aqueous solution were prone to degradation upon exposure to light and high 
temperature. Several factors such as exposure to alkaline conditions, oxidizing agents and some 
metal ions such as Ca2+, Zn2+, Al3+ and Fe3+ may increase the oxidation rate of the pigments 
(Lebedev et al., 2003; Zhou et al., 2012). However, Zhou et al. (2012) apparently used a 
centrifuged aqueous solution of pigments for their experiments, despite the fact that most 
spinochromes are poorly soluble in water. Consequently, the absorption spectra including the 
characteristic for naphthoquinones at ~ 470 nm that they obtained was of quite low intensity, 
indicating the poor solubility of the naphthoquinones. Hence, the conclusions made about 
spinochrome stability under different conditions requires careful consideration. 
Shikov et al. (2017) evaluated the stability of individual pigments from S. droebachiensis, 
including spinochrome D, an unidentified spinochrome dimer and ethylidene 6,6'-bis(2,3,7-
trihydroxynaphthazarin). The dimeric pigments remained stable in strongly acidified ethanol 
solution at pH 1.6, and were prone to degradation with the increase in pH up to 6.0, while 
spinochrome D was stable up to pH 4.0. Vasileva and co-authors compared the stability of 
aminated spinochromes and their hydroxylated analogues in HEPES buffer at pH 7.5 (Vasileva et 
al., 2016). Echinochrome A, echinamine A and echinamine B were found to be stable under these 
conditions, while spinochrome E and spinamine E were prone to degradation. 
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Autoxidation of PHNQ compounds is a relatively slow, radical-catalysed process that proceeds via 
a chain reaction (Brand et al., 1995). Using 1H- and 13C-NMR and IR spectroscopy, it was 
concluded that there was only one final product of echinochrome A autoxidation, a monohydrate 
of naphthotetraketone, which was the same product generated during the reaction of echinochrome 
A with O2 (Brand et al., 1995).  
A reaction scheme for the autoxidation of echinochrome A was proposed: 
H5Nq+O2 ↔ H4Nq∙+O
2∙- +H+   
H4Nq∙+O2 ↔ H3Nq+O
2∙- +H+   
H5Nq+O2∙+ H
+   ↔ H3Nq+H2O2
   
2H4Nq∙ ↔ H5Nq+ H3Nq 
As spinochromes have several acid dissociation constants, spinochromes will be present in either 
the non-ionized form or various ionized anion forms in aqueous solution at different pH values. 
The state of ionization of spinochromes can affect their colour and stability (Lebedev et al., 2001; 
Lebedev et al., 2003). When the pH was changed from 2.0 to 10.0, the colour of the pigment 
changed from orange-red to deep-earth-yellow, corresponding to a change from non-ionized to 
various ionized forms as a result of the dissociation of β-hydroxyl groups (Lebedev et al., 2001; 
Lebedev et al., 2003; Zhou et al., 2012) 
2.3.8. Bioactivities of spinochromes  
2.3.8.1. Antioxidant activity of spinochromes  
The spinochromes have long been known as antioxidants and antiradical agents (Berdyshev et al., 
2007; Zhou et al., 2011). Spinochromes consist of a benzenoid moiety and a quinonoid fragment 
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that can also be considered as a polyphenol and a hydroxyl-substituted p-quinone (Berdyshev et 
al., 2007). Phenols are a well-known class of antioxidants and their antioxidant and antiradical 
activities have been reported in many experimental and theoretical studies (Kuwahara et al., 2010; 
Lebedev et al., 2001; Li et al., 2013; Soleimani et al., 2016a; Zhou et al., 2011). It was hypothesized 
that spinochromes could act as antioxidants, scavenging free radicals by donating hydrogen atoms, 
as has been observed with other well-known polyphenolic antioxidants such as the catechins, 
quercetin, and gallic acid (Powell et al., 2014).  It was shown that the antioxidant activity of natural 
spinochromes was due to the presence of 2- and 3-hydroxyls on the phenol ring (Lebedev et al., 
1999). Free radicals such as DPPH, hydroxyl radicals and super anion radicals are potentially 
capable of abstracting hydrogen atoms from hydroxyl groups of spinochromes to become stable 
diamagnetic structures. The in vitro antioxidant activities of spinochromes were thought to be the 
result of a combination of iron chelation, reducing power and free radical scavenging activity 
(Lebedev et al., 2001; Li et al., 2013). The antioxidant activity properties of structurally related 
spinochrome pigments were compared and it was found that the principal quinoid pigment 
echinochrome A had relatively higher antioxidant activity (Vasileva and Mishchenko, 2016). The 
antioxidant activity of spinochrome pigments are better than α-tocopherol (Lebedev et al., 1999). 
The antioxidant activity of echinochrome A was found to be eliminated by replacing the β-
hydroxyls in the 2-, 3-, and 7-positions, showing that hydroxyls in these positions contribute to the 
antioxidant activity (Lebedev et al., 1999). The antioxidant activities of different kinds of 
spinochrome pigments using different antioxidant assays is shown in Table 2.5.  
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Table 2.5. The antioxidant activities of different spinochromes using different antioxidant assays 
1 EC50 Half maximal effective concentration; 2 IC50 half maximal inhibitory concentratio
Species Compounds  DPPH Other antioxidant assays Quantitative method 
 
Reference  
Echinometra mathaei Spinochrome A, B, C 
Echinochrome A  
12.5–800 µg/mL 
Shell<spine, comparable to BHT 
FRAP: 1.25–40 µg/mL 
Shell<spine<vc 
Total antioxidant capacity: 
Shell<spine, comparable to vc 
Molecular extinction 
coefficients 





 EC1 50 (uM)  α-tocopherol =16.24 
Spinochrome E=12.32; Spinochrome D=48.36 
Echinochrome A=7.86; Spinochrome A=37.06 
Spinochrome B=23.04; Spinochrome C=17.04 




Spinochrome A, B. C 
Echinochrome A  
PHNQ pigments > α-tocopherol Hydrogen peroxide scavenging 
activity: EC 50=1-2µg  
Superoxide anion scavenging 
activity: EC 50=50-100 µg 
Molecular extinction 
coefficients 
(equivalent mg of 
spinochrome A) 
(Kuwahara et al., 2009) 
Salmacis virgulata Mixture  EC50=40-60 µg/mL >Vitamin C EC50   (Shankarlal et al., 2011) 
Strongylocentrotus 
nudus 
Spinochrome A, B, 
C, E 
Echinochrome A 
EC50=55-100 µg/mL>Vitamin C EC50 FRAP: Shell <Vc 
Fe2+ chelating activity: EC50=400-
600 µg/mL 
Inhibition of lipid peroxidation: 
EC50=200 µg/µL 
 (Zhou et al., 201) 
Glyptocidaris 
crenularis  
Spinochrome B, D, E 
 
EC50=0.04 mg/mL Fe2+ chelating activity: 
EC50=0.35mg/mL 
 (Li et al., 2013) 
Strongylocentrotus 
intermedius 
Spinochrome B EC50=0.08 mg/mL Fe2+ chelating activity: 
EC50=0.75mg/mL 
 (Li et al., 2013) 
Strongylocentrotus 
droebachiensis 
 IC250 ( µg/nmol) S1=0.058/0.252 
S2=0.043/0.086 
Echinochrome A=0.134/0.504 




Echinochrome A  
EC50= 0.01 mM   (Mishchenko et al., 2005) 




  (Mishchenko et al., 2005) 
Strongylocentrotus 
pallidus and S. nudus 
Echinamines A  
Echinamines B   
Spinamine E  
Echinochrome A 
echinamine A>spinamine E>echinochome 
A>echinamine B>spinorhome E>α-tocopherol 
Inhibition of lipid peroxidation: 
Echinamine B spinamine E 
showed the highest 
 (Pokhilo et al., 2006) 
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2.3.8.2. Anti-microbial activity of spinochromes  
The emergence of antibiotic resistance presents one of the most important challenges for the 
pharmaceutical industry and the healthcare sector both in developing and developed countries 
(Vukic et al., 2017). Drug-resistant strains first appeared in hospitals, where most antibiotics 
were being used (Levy, 1998).  Then strains resistant to multiple drugs were detected among 
some enteric bacteria in the late1950s to early1960s (Amabile-Cuevas, 2010; Levy, 2001; 
Watanabe, 1963). Today, drug resistance, not only resistance to single drugs, but also multiple 
antibiotic resistance, presents an ever-increasing global public health threat that involves all 
major microbial pathogens and anti-microbial drugs (Levy and Marshall, 2004). For this reason, 
discovery of new antibiotics is an urgent important objective. Plants and other natural sources 
can provide a huge range of complex and structurally diverse compounds, while the secondary 
metabolites have drawn much attention because of their unique characteristics.  Although the 
secondary metabolites have not been well defined, they are known to increase the survival 
chance of organisms producing them (Demain and Fang, 2000). Anti-microbial activities of 
naturally occurring naphthoquinones have been investigated. The naphthoquinones, especially 
juglone, have been widely studied and used in traditional medicine in countries where they are 
available, due to their anti-microbial activities. The anti-microbial activities of 
naphthoquinones have been reviewed (Babula et al., 2009) and are summarized in Table 2.6. 
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Table 2.6. Summary of anti-microbial juglone-like compounds from a review by Babula et al. (2009) 
Compound  Bacteria sensitive to compound  Fungi  Virus Parasite 
Plumbagin, juglone lawsone Streptococcus, Prevotella, Peptostreptococcus, 
Mycobacterium, Clostrid- 
ium, Helicobacter and Escherichia 
- - - 
Lapachol Kleibsiella, Proteus, Helicobacter and 
Streptococcus 
- - - 
Shikonin and its derivatives - Candida and 
Saccharomyces 
- - 
Lapachol and furanonaphthoquinones - - Epstein-Barr 
virus 
- 
Intricately substituted naphthoquinones - - HIV  
Monomer and dimeric, natural and synthetic 
naphthoquinones 
- - - Leishmania, Pneumocystis, 





In terms of sea urchins, anti-microbial activity has been investigated in several studies (as 
summarised in Table 2.7). In general, spinochrome pigments and their derivatives have been 
shown to be active against both gram-positive and gram-negative bacteria. The first observation 
of anti-microbial properties of sea urchin pigments was by Boolootian and Boolootián (1966), 
who showed that pigments leached from the dried test of an unspecified echinoid placed on a 
culture plate of blue-green algae (Now they are know as cyanobacteria) inhibited their growth. 
Johnson (1969) provided further evidence for a possible antibacterial role of echinochrome A 
when the release of the pigment by red spherule cells on contact with gram-negative bacteria 
was observed. Service and Wardlaw (1984) were the first to show that echinochrome A (50 
μg/mL), with the aid of mammalian proteins as dispersants, exhibited antibacterial activity 
towards both marine gram-negative and gram-positive bacterial strains. This study also showed 
that echinochrome A is a major factor in the antibacterial activity of coelomic fluid from sea 
urchins (Service and Wardlaw, 1984). 
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Table 2.7. Summary of anti-microbial activities of sea urchin extracts 
Extract  Part  PHNQs/ Species  Bacterial  Activity   Ref  












844). Three marine 
gram-positive 
strains 





1493) and a yellow-
colonied bacillus 
Activity was significant at 































The shell (10 and 80% 
fraction) showed activity 
against 
All of the bacteria tested, 











gonads/ tests  
Echinometra 
mathaei 
S. mutans (ATCC 







The growth inhibition of 
gram-positive bacteria S. 
sobrinus, and S. mutans, 
generally was controlled by 
the organic extracts of 
gonads, whereas the 
ethanol extract of test 
showed antibacterial effect 










  Bacteria: 
Salmonella typhi, 
Proteus mirabilis, 








In the antifungal activity  
Salmacis virgulata showed 
no inhibition against the 
Aspergillus flavus, but it 
shown some significant 





et al., 2011) 







and Bacillus subtilis 
(Ehrenberg, 1835), 
V. aestuarianus,  C. 
marina,  S. 
oneidensis 
The assays on purified 
spinochromes showed a 
decrease in the growth of 
four strains with an 
intensity depending on the 
spinochromes/bacteria 
system, revealing the 
participation of 
spinochromes in the 
defence system against 
microorganisms. 
(Brasseur 






The weak reddish colour of coelomocyte extracts from sea urchins indicates the presence of 
PHNQ pigments, which were responsible for the anti-bacterial activity. Furthermore, the 
antibacterial activity against Vibrio anguillarum and Corynebacterium glutamicum, detected 
in S. droebachiensis coelomocytes, was sensitive to proteinase K treatment, indicating factors 
of a proteinaceous nature (Haug et al., 2002). It is therefore possible that an echinochrome-
protein complex that is disrupted by proteinase K treatment is involved in the antibacterial 
activity. In another study, the growth inhibition of the gram-positive bacteria Streptococcus 
sobrinus, and Streptococcus mutans, generally was affected by organic extracts of sea urchin 
gonads, whereas an ethanol extract of the shell exhibited an antibacterial effect against 
Streptococcus sobrinus (Kazemi et al., 2016). However, the chemical structure of the 
antibacterial compound(s) was not determined. Further isolation and purification should be 
carried out to determine the antibacterial compounds for their application in medicine.  
Even though some studies have investigated the antibacterial activity of spinochromes, almost 
all experiments have been based on crude extracts and not on isolated spinochromes. Hence, it 
is difficult to distinguish between the specific role of individual spinochromes and the specific 
role of other compounds present in the extracts. In a recent study, different spinochromes in 
crude extracts were fractionated and the antibacterial activity of individual spinochromes was 
reported for the first time (Brasseur et al., 2017). This study showed that there were differences 
in anti-microbial activity when crude extracts were used compared to purified spinochromes, 
as crude extracts of Diadema savignyi exhibited substantial antibacterial activity against all 
tested bacterial strains, even though these extracts only contained echinochrome A, while the 
fractionated echinochrome A did not have any antibacterial activity against Cobetia marina. 
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Therefore, this antibacterial activity against C. marina with crude extracts from D. savignyi is 
due to a compound other than spinochromes or a synergic effect between echinochrome A and 
other compounds (Brasseur et al., 2017). It was interesting to note from this study that 
spinochromes exhibited a greater antibacterial effect on marine bacterial strains compared to 
ampicillin, although ampicillin was more effective against model human stains such as E. coli 
(Brasseur et al., 2017).  
2.3.8.3. Anti-inflammatory activity of spinochromes 
The cells of tissues in an organism are primed to respond when they are exposed to an unusual 
stimulus, which can involve release of eicosanoids, cytokines, chemokines, and the activation 
or inactivation of genes, and alterations in metabolic activity. These events can cause further 
cell activation processes, either intrinsically or extrinsically, such as drawing leukocytes into 
the tissue. This whole process can be described as the inflammatory response (Hodges et al., 
2017).  
Inflammation plays an important role in the initiation and progression of many diseases 
including cancer, obesity, diabetes, and cardiovascular disease, etc. (Jaber et al., 2002). 
Inflammation is classified as either acute or chronic. Acute inflammation results in/from tissue 
damage and chronic inflammation occurs over a longer period and is linked to many diseases 
as mentioned above. Therefore, inhibition of inflammation is an important part in the treatment 
of inflammatory diseases (Lee et al., 2013). It has been reported that increased reactive oxygen 
species (ROS) production is one of the factors that triggers inflammation, leading to activation 
of nuclear factor kappa-β (NFκB).  NFκB is one of the most ubiquitous transcription factors, 
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and it is proposed to have a key role in inflammatory reactions (Lennikov et al., 2014). 
Naphthoquinone (NQ) compounds have received attention for their ability to regulate a wide 
variety of chronic diseases, because of their anti-inflammatory capability (Hodges et al., 2017). 
The reports of anti-inflammatory activity of NQ are of interest and most of the evidence of the 
mechanism of NQ suggests a role for NQ in the inhibition of the cell signalling complex NFκB 
(Hodges et al., 2017).  
Some studies have attributed anti-inflammatory effects to spinochromes (Lennikov et al., 2014; 
Jeong, Seung Hun et al., 2014a), whereas others have suggested that they have a pro-
inflammatory effect (Brasseur et al., 2017; Sciani et al., 2011). The anti-inflammation and 
immune-modulating activities of pigments from sea urchin spine and shell have been studied 
and have been found to inhibit the production of nitrous oxide, IL-6, TNF-α，PGE2 and 6-
KETO-PGF1α, but not IL-4 in RAW264.7 cells (Niu et al., 2016).  
Pigments from shells and spines of S. nudus could stimulate spleen lymphocyte proliferation 
and abdominal macrophage phagocytosis activity (Niu et al., 2016). While an in vivo study 
demonstrated that echinochrome A ameliorated intraocular inflammation caused by endotoxin-
induced uveitis (EIU) by reducing ROS production in rats, and decreasing the expression of 
NFκB and TNF-α (Lennikov et al., 2014). Brasseur et al. (2017) showed that fractionated 
spinochromes, including echinochrome A/spinochrome C, spinochrome A, spinochrome B, 
and spinochrome E caused an increase in TNF-α production by J774 macrophages after 
lipopolysaccharide (LPS) stimulation. This result was unexpected because it was in 
disagreement with studies in which spinochrome was shown to present anti-inflammatory 
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activity (Niu et al., 2016). The pro-inflammatory effects of sea urchin shell extract were also 
observed in another study, using an aqueous extract of sea urchin spine to evaluate 
pathophysiological development in mice and rats. However, in this study, the extracts were 
found to contain proteins as well as other compounds, but there was no mention of 
spinochromes (Sciani et al., 2011).  
2.3.8.4. Cytotoxicity activity of spinochromes 
A number of natural occurring naphthoquinone containing extracts have been found to have 
tumour inhibitory activity in vitro (Kang et al., 2016; Zhou et al., 2015). Naphthoquinones are 
among the compounds that have been extensively studied for their potential as 
cytotoxic/anticancer agents.  For example, 5-hydroxy-2-methyl-1, 4-napthoquinone is one of 
the most extensively studied quinones (Tiwari et al., 2002). Other natural napthoquinones, such 
as lapachone and shikonin, are also reported to possess promising cytotoxic/anticancer 
properties (Wu et al., 2004). However, it has also been found in some reports that NQ 
derivatives do not have any cytotoxic effects on non-sensitized cells (Tewtrakul et al., 2009). 
The number and position of hydroxyl groups appear to be important for differing activities of 
NQ. The β-hydroxyl groups on the naphthol ring of quinoid compounds have been reported to 
affect their cytotoxicity by making the compound’s participation in redox cycling reactions 
unfavourable (O'brien, 1991; Ollinger and Brunmark, 1991).  
Brasseur et al. (2017) extracted spinochromes from four different species of sea urchin and 
fractionated the spinochromes in the crude extracts. It was shown that spinochrome E appeared 
to be the most active compound (EC50 = 259 µM, corresponding to 66 µg/mL), and 
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spinochrome B was the least active compound (EC50 > 500 µM, corresponding to 111 µg/mL) 
against HeLa cells. Only spinochrome E was classified as a moderately cytotoxic compound 
(EC50 < 90 µg/mL). Another study gave similar results, in that echinochrome A did not affect 
cell viability and doses lower than 50 μM did not display toxicity in H9c2 cells (Jeong et al., 
2014a).  
2.3.9. Biomedical applications of echinochrome A 
Among all the known spinochromes, echinochrome A is the most well studied compound in 
terms of biomedical applications. The commercial antioxidant pharmaceutical ‘histochrome’ 
was developed based on echinochrome A at the Laboratory of the Chemistry of Natural 
Quinonoid Compounds, Pacific Institute of Bioorganic Chemistry (Mishchenko et al., 2003).  
Histochrome is a water-soluble sodium salt of echinochrome A, a 
pentahydroxyethylnaphthoquinone, dissolved in 0.9% sodium chloride solution. It is registered 
as a medicinal product authorized for use in the Russian Federation in the pharmacotherapeutic 
group “antioxidant agent”. It is widely used as an antioxidant, cardioprotector and as an 
ophthalmic and anti-arrhythmic medicine (Mishchenko et al., 2003). Histochrome has been 
demonstrated to be an effective drug for the treatment of proliferative processes, degeneracies, 
and various types of ophthalmic haemorrhages (Agafonova et al., 2011; Egorov et al., 1998; 
Mishchenko et al., 2003). However, the effect of this medicine is difficult to explain in terms 
of antioxidant properties alone. The results of experimental investigation of echinochrome A, 
both in vivo and in vitro, showed that this compound has more biological effects than that found 
for the histochrome product, including anti-fibrosis, anti-diabetic, anti-allergic, among others 
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(Agafonova et al., 2015; Jeong et al., 2014; Kareva et al., 2014; Kim et al., 2015; Lebed'ko et 
al., 2015; Lee et al., 2014; Mohamed et al., 2016; Seo et al., 2015; Singh et al., 1965) as 
discussed in the following sections.   
2.3.9.1. Cardioprotective effect of echinochrome A 
The results of both experimental investigations on animals and clinical trials of patients on 
histochrome showed that it has a cardioprotective effect (Tsybulsky et al., 2013). A 
comparative study of the cardioprotective effect of the antioxidants Emoxipin and histochrome 
was conducted with patients with chronic ischemic heart disease, during and after operations 
for aorto-coronary shunting. Both drugs effectively inhibited lipid peroxidation activation and 
reduced the reperfusion damage to the myocardium due to the release of the MB isoenzyme of 
phosphocreatine kinase (MB-PCK) into the blood, but histochrome proved to be more effective 
(Lasukova et al., 1996). Another clinical trial demonstrated that histochrome has an ‘ATP-
sparing’ (preserving ATP) effect in acute myocardial ischemia in patients with coronary heart 
disease (Afanas'ev et al., 1997), and a high myocardial level of ATP appears to be a prerequisite 
for a better recovery during reperfusion. It has been previously shown that antioxidants prevent 
inactivation and stimulate aerobic and anaerobic energy-producing enzymes; hence, patients 
with acute myocardial ischemia treated with antioxidants should be afforded some advantage 
(Afanas'ev et al., 1997). Another experimental investigation showed that echinochrome A is 
capable of playing an important positive role in cardiomyocyte metabolism by stimulating 
mitochondrial biogenesis and by changing the adaptive mechanism of the organism’s 
cardiovascular system protection (Tsibul'skiĭ et al., 2010). In an animal model (male Wistar 
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rats) administration of luteolin and echinochrome A preparations achieved 100% survival in 
the treatment group, while the non-treatment group had a 40% death rate due to induced 
cardiopathology (Tsibul'skiĭ et al., 2010). Jeong et al. (2014) found that treatment with 
echinochrome A could decrease mitochondrial dysfunction including increased ROS level and 
decreased mitochondrial membrane potential caused by cardiotoxic agents. 
2.3.9.2. Nephroprotective potential of echinochrome A 
Histochome is considered to be a promising antioxidant drug with nephroprotective potential 
(Agafonova et al., 2015; Talalaeva et al., 2015). The kidney is a major target of hypertensive 
disease (Wright et al., 2002). It has been shown that histochome exerts a benevolent therapeutic 
effect in renal arteries, by decreasing blood pressure, diminishing thrombus formation in fine 
capillaries and arterioles, achieving anticoagulation, partially improving endothelial 
dysfunction of small renal arteries, and up-regulating glomerular filtration (Agafonova et al., 
2015). Another study suggested that the natriuretic effect of echinochrome A on some kidney 
excretory function parameters was not produced by histochrome directly, but by one of its 
metabolites (Talalaeva et al., 2015). Histochrome metabolic products were extracted from 
acidified urine using ethyl acetate and were fractionated by high performance liquid 
chromatography with UV detection (HPLC/UV) and analysed by mass-spectrometry 
(HPLC/MS) (Talalaeva et al., 2013). It was established that histochrome is metabolized and 
excreted by kidneys in the form of the compounds 3-methoxy-2,5,6,8-tetrahydroxy-7-ethyl-
1,4-naphthoquinone and 2-metoxy-3,5,6,8-tetrahydroxy-7-ethyl-1,4-naphthoquinone 
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(Talalaeva et al., 2013). However, further study is needed to clarify the diuretic effect of the 
echinochrome A metabolic products.  
2.3.9.3. Treatment of ocular diseases by echinochrome A  
Histochrome has been studied for the treatment of ocular disease (Egorov et al., 1998; 
Mishchenko et al., 2003). Clinical trials demonstrated effective retino-protective properties of 
histochrome that improved the electrophysiological parameters in degenerative processes in 
the retina and optic nerve. This was characterized by analysis of hemoresorption, retino-
protective and antioxidant properties, and recommended for the treatment of metabolic 
disorders in the retina, the vascular membrane, and the cornea (Egorov et al., 1998). The 
pathogenesis of degenerative, inflammatory, and infectious disease involves free radical lipid 
peroxidation (Gutteridge and Halliwell, 1993). Chemical burn can cause one of the most severe 
damage to vision, and reduce the antioxidant activity of tear fluid and blood plasma 
(Gakhramanov, 2005). Histochrome, as an antioxidant pharmaceutical, was found to support 
the antioxidant potential of tear fluid and blood plasma in combination with two other 
antioxidants, Gingko biloba and diquertin to reduce the damage by chemical burn 
(Gakhramanov et al., 2006).  
2.3.9.4. Remedial effect on diabetes complication of echinochrome A 
Diabetes mellitus is considered to be one of the most common and dangerous metabolic 
disorders (American Diabetes Association, 2006). Under impaired carbohydrate and lipid 
metabolism, mixtures of bioactive polar lipids and echinochrome A from sea urchin were found 
to decrease inflammation, inhibit pathways inducing inflammatory processes in the body, 
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neutralize reactive oxygen species, and block free radical chain reactions (Popov and 
Krivoshapko, 2013). Another study evaluated the effect of histochrome on diabetes patient 
prophylaxis and treatment (Tsybulsky et al., 2013). It has been shown that a 0.02% solution of 
histochrome, possessed glyco-remedial and anti-inflammatory properties, can be 
recommended as an additional therapy for diabetes mellitus 2 patients (Tsybulsky et al., 2013). 
More recently, a study investigated the effect of echinochrome A in modulating hyperglycemia 
and insulin-insensitivity in STZ rats and in diabetic rats (Mohamed et al., 2016). Rats treated 
with echinochrome A showed a significant improvement in arginase and glucose-6-phosphate 
dehydrogenase activities, decreasing the level of glucose and increasing the level of insulin, 
indicating a hypoglycemic action of echinochrome A. It was shown that the mechanism of 
echinochrome A action in the reduction of diabetic complications in the liver involved two 
pathways, including exhibiting hypoglycemic activity and antioxidant activity (Mohamed et 
al., 2016).  
2.3.9.5. Anti- stress effect of echinochrome A 
Echinochrome A also demonstrated anti-stress capability in a mouse experimental model 
(Kareva et al., 2014). Protein p53 is known to become active in a variety of stress situations. 
Prophylactic administration of histochrome was found to decrease p53 expression activated by 
chronic stress in mouse bone marrow cells, which provided evidence of the anti-stress 
capability of this agent and the possibility that it may act at the genetic level, affecting the 
biosynthesis of p53 (Kareva et al., 2014). A study in humans (Artyukov et al., 2013) 
investigated blood hematological, immunological, and biochemical parameters before and after 
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administration of histochrome and found that there was a decrease in blood glutathione and an 
increase in the activity of catalase after 1 h administration, and later on catalase activity was 
found to normalize while GSH exceeded the initial level. These results suggest that 
echinochrome A may potentially influence carbohydrate metabolism in the body (Artyukov et 
al., 2013).  
2.3.9.6. Improvement of mitochondrial function by echinochrome A  
An in vivo investigation showed that daily intraperitoneal administration of echinochrome A 
in rodents during short-term endurance training over a period of two weeks improved their 
exercise capacity compared to control-treated rodents. This improvement in exercise capacity 
of echinochrome A may be partly because of the enhanced training adaptations, including 
increased mitochondrial content in skeletal muscles (Seo et al., 2015). Jeong et al. (2014b) 
showed that echinochrome A treatment enhanced oxygen consumption rates and mitochondrial 
ATP level. In addition, echinochrome A treatment up-regulated the biogenesis of regulatory 
transcription genes, which suggested that the enhancement of mitochondrial biogenesis (Jeong 
et al., 2014b). The improvement of mitochondrial function by echinochrome A was also found 
both in vitro (rat cardio myoblast H9c2 cells) and in vivo (human) (Afanas'ev et al., 1997; Jeong 
et al., 2014).  
2.3.9.7. Others biomedical applications of echinochrome A 
Administration of echinochrome A to rats reduced the severity of bleomycin-induced oxidative 
stress in the lungs, prevented the development of hypertrophy of inter-alveolar connective 
tissue and peribronchial lymphoid infiltration, and normalized the ratio of volume densities of 
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inter-alveolar septa and alveolar lumen (Lebed'ko et al., 2015). Acetylcholinesterase (AChE) 
inhibitors are used in the treatment of various neuromuscular disorders, and are considered as 
strong therapeutic agents for the treatment of Alzheimer’s disease (AD) (Lee et al., 2014). 
Echinochrome A inhibited AChE with an irreversible and uncompetitive mode in the 
animals. This indicates a new therapeutic potential for echinochrome A in treating reduced 
acetylcholine-related diseases including AD and provides an insight into developing new 
AChE inhibitors (Lee et al., 2014).  
2.3.10. Spinochromes as a potential treatment for osteoporosis 
As mentioned earlier, a number of studies have reported that spinochromes are strong 
antioxidants that can block a number of free radical producing reactions, inhibit lipid 
peroxidation, and reduce and chelate metal ions. Among all the known spinochromes, 
echinochrome A is the most well studied compound in terms of bioactivities. Histochrome A, 
which was synthesized on the basis of the pigment echinochrome A (Mishchenko et al., 2003), 
was found to exhibit additional biological effects other than antioxidant activity, including anti-
fibrosis, anti-diabetic, anti-allergenic, anti-acetylcholinesterase, mitochondria-protective, 
gastroprotective and other effects (Agafonova et al., 2015; Agafonova et al., 2011; Jeong et al., 
2014; Kareva et al., 2014; Mohamed et al., 2016). In addition, Sea urchin shell has been 
reported to be used as a traditional chinese medicine according to the Chinese pharmacopoeia, 




Recently, there has been growing interest in the treatment of osteoporosis with natural product 
with antioxidant activities as the traditional treatments such as calcium and Vitamin D 
supplements, or hormone therpies could not completely stop the progression of the disease 
(Miller, 2016). A number of natural products from a variety of fruits and vegetables such as 
rutin and quercetin have been evaluated for their potential in management of osteo-
degenerative disorders based on their antioxidant activities (Srivastava, Bankar and Roy, 2013).  
Commercial harvesting of E. chloroticus for its edible roe generates a considerable amount of 
shell waste that can contribute to environmental issues as discussed in Chapter 2. Thus, the 
potential health promotion effect of PHNQ extracts from E. chloroticus as a treatment or 
prevention agent to osteoporisis may add value to the shell and spine waste and potentially 
reduce environmental issues.  
2.4. Conclusions from the literature  
This review presents a detailed account of the literature available on spinochromes from sea 
urchin shell and spine of different species. The structure and nomenclature, biosynthesis, 
functions, distribution, extraction, fractionation, identification, and bioactivities of 
spinochromes are summarized and discussed, and the possibility of utilizing spinochromes 
from sea urchin shell and spine waste for pharmaceutical use is explored. Although many 
aspects of spinochromes from a variety of species of sea urchin have been reported in the 
literature, there are still gaps in information and lack of progress on some aspects. Moreover, 
spinochromes from New Zealand sea urchin E. chloroticus have not been investigated yet.   
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The bioactivities of spinochromes, such as antioxidant activity, can be influenced by the 
composition of spinochromes, which might be further influenced by the extraction method. 
However, as most studies have only used one extraction solvent or only one method, different 
extraction methods and different extraction solvents should be studied to find out the best 
extraction method to produce spinochromes with high bioactivities. Further experiments are 
required to evaluate the bioactivities such as antioxidant and anti-microbial activities of 
spinochromes extracted by different methods. This review of research conducted to date 
indicates that spinochromes exhibit a variety of bioactivities with the potential to be used in 
the food or pharmaceutical industries.  
New Zealand produces a considerable amount of shell and spine waste from E. chloroticus 
harvesting grounds every year. Thus, there is a need for exploring spinochromes in New 
Zealand sea urchin shell and spine. While the extraction, identification and bioactivities of 
spinochromes from other species of sea urchins have been investigated to various extents, the 
potential of utilization of spinochromes in New Zealand sea urchin E. chloroticus has not been 
evaluated.  Therefore, different extraction methods were used in this research, followed by the 
characterization of PHNQ and evaluation the antioxidant and anti-microbial activity of PHNQ 
fraction obtained by different extraction methods to examine the effects of extraction methods 
on the composition and bioactivities of PHNQ. Then, the in vivo anti-inflammatory activity of 
PHNQ extracted from New Zealand sea urchin E. chloroticus and the effect of PHNQ on the 
formation of mineralized nodules in hunman bone cells were evaluated. 
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Chapter 3. Chemical composition of shell and spine 
of Zealand sea urchin E. chloroticus and 





Aspects of this chapter have been published in LWT- Food Science and Technology:  
 
Hou, Y., Carne, A., McConnell, M., Mros, S., Bekhit, A. A., & Bekhit, A. E. D. A. (2020). 
Macroporous resin extraction of PHNQs from Evechinus chloroticus sea urchin and their in 







New Zealand sea urchin (E. chloroticus) inhabits shallow coastal waters around New Zealand. 
E. chloroticus is locally known as ‘kina’ and is traditionally sought after as a delicacy by Pacific 
Island peoples. E. chloroticus are commercially harvested to supply domestic markets, and 
there is potential to export the species to overseas markets in countries such as the Asia (Miller 
and Abrham, 2011). The shell and spine waste remaining after the extraction of the roe 
currently has no economic value and carries significant cost associated with disposal, which 
can cause environmental issues such as localized concentration of minerals and heavy metals 
as well as the generation of an unpleasent odour (Hou et al., 2016). About 80–86% of the E. 
chloroticus  mass is attributed to the exoskeletal shell and spine component (Shavandi, Wilton 
and Bekhit, 2016), while for other edible sea urchin species, such as red (Strongylocentrotus 
franciscanus) and green (Strongylocentrotus droebachiensis) sea urchins, the shell and spine 
only accounts for 48% and 41% of their body weight respectively (Amarovicz et al., 2012). 
The high proportion of exoskeletal shell and spine makes the utilization of E. chloroticus  shell 
and spine more attactive.   
Amarovicz et al. (2012) reported the proximate analysis of red (S. franciscanus) and green (S. 
droebachiensis) sea urchins and found that the average mineral content in these species shells 
was 91.08 and 90.77% and the protein content was 4.06 and 4.99%, respectively. In this chapter, 
proximate analysis (ash, fat and protein contents) was conducted to characterise the chemical 
composition, and the mineral analysis of E. chloroticus shell (with spine) to compare the 
mineral composition of samples from two sea urchin harvesting grounds in New Zealand. In 
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addition, the PHNQ pigments were extracted and fractionated by high performance liquid 
chromatography (HPLC). The objective of this study was to characterise the samples from two 
different New Zealand sea urchin harvesting grounds to provide an initial understanding of the 
raw materials and decide the best source for further inverstigations.   
3.2. Materials and methods 
3.2.1. Chemicals and reagents  
All chemicals were of analytical grade, unless otherwise stated. Hydrochloric acid, sodium 
hydroxide, sodium sulfate anhydrous, and diethyl ether were from ECP Ltd (Auckland, New 
Zealand). Solvents used in HPLC, formic acid, methanol and acetonitrile were from Fisher 
Scientific UK (Loughborough, Leics, UK) were of liquid chromatography grade, and Milli Q 
water was obtained from a Millipore water purification system (Millipore, USA) and used in 
all experiments. Nitric acid was sourced from Sigma Aldrich (Missouri, USA). Agilent (Santa 
Clara, California, USA) multi-element calibration standards (NIST traceable) were used for the 
ICP-MS analysis. 
3.2.2. Source of sea urchin shells and spines and sample pareparation  
Sea urchins (E. chloroticus) were collected from around the southern coast of the South Island 
(Cando Fishing Ltd., Bluff, New Zealand, defined as sample A) and from the North Island (Sea 
Urchin New Zealand, Whitianga, New Zealand, defined as sample B) of New Zealand by 
commercial companies. After processing, sea urchin shells with spines were couriered to the 
University of Otago on the same day of harvesting. The shells with spines were washed with 
cold water, air-dried in a fume cupboard in the dark for 3 days at room temperature (20-25 °C) 
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and then the shell and spines were separated by hand and ground into powder separately using 
a grinder (Jingangdikai JG100 grinder, Jingangdikai Co., Guangdong, China). The powder was 
sieved (mesh size 450 µm) and stored at -20°C in the dark.  
3.2.3. Proximate analysis 
3.2.3.1 Ash content of E. chloroticus shell and spine  
Analyses of ash were carried out in triplicate according to AOAC official methods of analysis 
(1990). Test samples (4 g) were weighed into tared crucibles (samples were stored in a 
desiccator until use) and the weight was recorded. The ashing process was carried out using a 
high temperature muffle furnace capable of maintaining temperature at 575 ± 25°C for 24 h. 
Then the crucible was removed from the furnace directly into a desiccator and cooled overnight 
to room temperature. The crucibles were weighed and the ash content was determined using 
the following equation.   
Equation 3.1 Ash content (%) 
𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝑊1
𝑊2
× 100%       
Where W1 is the weight of ash, W2 is the dry weight of sample.  
3.2.3.2 Fat content of E. chloroticus shell and spine 
Analyses of fat content were carried out in triplicate according to AOAC Official Methods 
(AOAC, 1990). A 5 g aliquot of a dry sample was weighed and placed into a glass soxhlet 
extraction thimble (Whatman, Maidstone, United Kingdom). Then, the thimble was placed into 
a soxhlet extractor, followed by addition of 90 mL of petroleum ether in a 150 mL pre-weighed 
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round bottom flask. The extraction was initiated by heating at 80C for 6 h. After separation of 
the solvents from the extracted lipid, the sample was cooled down before placing it into a 
desiccator. The weight of the residue sample (defatted sample) was recorded.  
The fat content was calculated using the following equations:  
Equation 3.2 Fat content (%) 




Where W1 is the weight of defatted sample and W2 is the dry weight of sample.  
3.2.3.3 Protein content of E. chloroticus shell and spine 
Analyses of protein content was carried out in triplicate according to micro-Kjeldahl method 
(Harold and Ronald, 1981). A 0.1 g aliquot of powdered sample was weighed and transferred 
into a Kjeldahl digestion flask. The sample was digested by boiling with 10 mL of concentrated 
H2SO4 and catalyst (mixture of 3.0 g K2SO4 and 0.1g CuSO4 ) until the mixture was clear. After 
cooling to room temperature, 40 mL 40% NaOH was added to each flask. Ammonia was 
trapped as ammonium borate in a boric acid solution by distillation. Total nitrogen was 
determined by titration with standard HCl (0.05 N) to a methyl red indicator. 
% Protein was calculated as follows:  
Equation 3.3 Protein content (%) 
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (%) =
𝑉𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑐𝑖𝑑 × 𝑁𝑎𝑐𝑖𝑑 − 𝑉𝑏𝑙𝑎𝑛𝑘 × 𝑁𝑎𝑐𝑖𝑑
 𝑊𝑠𝑎𝑚𝑝𝑙𝑒
× 1.4007 × 6.25  
Where V is the volume, N is the normality, W is the sample weight. 6.25 is the protein-nitrogen 
conversation factor for shellfish and its by-products.  
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3.2.4. Inductively coupled plasma mass spectrometry (ICP-MS) analysis 
of mineral composition Mineral composition of shell and spine 
E. chloroticus shell (with spine) powder was digested in an ultraclean, metal-free Class 10 
(ISO4) laboratory (Department of Chemistry, University of Otago, Dunedin, New Zealand) 
using Inductively coupled plasma mass spectrometry (ICP-MS) analysis adapted from 
Zheltova et al. (2017). Powder samples were transferred into predigestion tubes. To this, 5 mL 
of triple quartz distilled fuming nitric acid was added and left to sit for 15 min before the 
addition of 1 mL of 30% peroxide (analytical reagent grade) (Labserv, Auckland, New 
Zealand). After 24 h, the fluid in the predigestion tube was transferred into a digestion tube 
(Mars X-Press, CEM Corporation, Matthews, North Carolina, USA). Two 2.5 mL aliquots of 
nitric acid were used to rinse the remaining contents into the digestion tube. The digestion tubes 
were then sealed and digested in a MARS 6 microwave digestion unit (CEM Corporation, 
Matthews, North Carolina, USA). After allowing the samples to cool for a minimum of 2 h, 
the contents of the digestion tubes were returned to the pre-digestion tubes. The volume of the 
pre-digestion mixture was then made up to ≈25 mL with deionized water (18.2 MΩ·cm at 
23.1°C) and placed on a heating block set at 81°C for 24 h. After evaporation, 0.5 mL of triple 
quartz distilled fuming nitric acid was added to each pre-digestion tube prior to the volume 
being made up to 10 mL. From this solution, 0.25 mL was taken and added to 7.25 mL of 2% 
(v/v) triple quartz distilled nitric acid (in deionized water (18.2 MΩ·cm at 23.1°C)) and was 
used for ICP–MS analysis. 
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3.2.5. Extraction of PHNQ pigments  
The dried shell and spine powders were dissolved by gradually adding 6 M HCl to achieve a 
final solid to liquid ratio of 1:5 (w/v) with continuous stirring in the dark at room temperature 
according to a published study (Shikov et al., 2011). The mixture was centrifuged (13,300 x g, 
20 min, 4°C), and aliquots of the clarified supernatant containing the PHNQ pigments were 
extracted three times sequentially with the same volume of diethyl ether. The diethyl ether 
extract containing the pigments was washed with Milli Q water to remove any residual acid 
and then dried over anhydrous sodium sulfate. The organic solvent was evaporated to dryness 
under reduced pressure in a rotary evaporator (Rotavapor-R, Büchi, Flawil, Switzerland) at 
45°C. The PHNQ pigments were then redissolved in methanol for further analysis.    
3.2.6. Characterization of PHNQs by HPLC 
HPLC analysis of PHNQs was conducted according to the method of Kuwahara et al. (2009). 
Prior to HPLC, the PHNQ methanol solution (concentration range 5-10 mg/mL) was filtered 
through a 0.2 µm PTFE filter (Axiva). Aliquots of the pigment solution were injected manually 
using a 20 μL loop on to a reversed-phase column (C18 Luna 250 x 4.6 mm, 5 μM particle size, 
100 Angstrom pore size, Phenomenex, USA) on an Agilent 1100 HPLC (Agilent Technologies 
Inc., USA). The eluted compounds were monitored over the wavelength range 250-550 nm 
using a diode array detector. The HPLC elution solvent was delivered at a flow rate of 0.5 
mL/min and consisted of a mixture of solvent (A) formic acid: water (0.1:100, v/v) and solvent 
(B) methanol: acetonitrile (5:9, v/v). The elution gradient was as follows: 0-38 min, 20%-80% 
B (linear gradient); 38-48 min, 100% B (isocratic); 48-58 min 80% B (isocratic); 58-63 min, 
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80%-20% B (linear gradient); 63-83 min, 20% B (isocratic). The absorbance was recorded 
specifically at 340 nm, 475 nm and 520 nm, corresponding to absorbance maxima of PHNQs. 
3.2.7. Statistical analysis 
The data were analysed using analysis of variance (ANOVA) protocol in Minitab 17.0 
Software (Minitab Pty Ltd, Sydney, Australia). General linear model protocol was used to 
determine the effects of the sample source “different companies (sample A and sample B)” and 
sample parts (shell and spine) on the proximate analysis. One-way ANOVA was used to 
determine the effects on the mineral analysis of sample source geographical location. The 
results are reported as means ± standard deviation (3 replicate samples for proximate analysis 
and 2 replicate samples for mineral analysis) and significant differences among the means were 
determined using Tukey’s Honesty test at p-value < 0.05.  
3.3. Results and discussion  
3.3.1. Proximate analysis 
The shell shape of E. chloroticus resembles a slightly flattened sphere (Figure 3.1 A). The shell 
is made up of calcareous plates, which are covered with rows of spines. The long spines are 
green to brown in colour, while the short spines are dark brown but with white colour at the tip. 
The shell and spines could be separated by hand after air-drying.  
Chemical composition of the shell of E. chloroticus is shown in Figure 3.2. The major 
component of the shell and spine of E. chloroticus was the mineral present in the ash. The ash 
content (% w/w) in the shell and spine of E. chloroticus ranges from 84.14 to 87.38 % (w/w), 
with spine samples from the North Island showing the highest ash content (% w/w) (p < 0.05). 
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There was no significant difference in ash content (% w/w) between spine and shell samples 
but the ash content of sample B was generally found to be higher than that of sample A (p < 
0.05). The average temperature of the sea water in the North Island thoughout the year is higher 
than the South Island, and the results are in agreement with the observations of Magdans and 
Gies (2004) that were ascribed to the higher calcification rate of sea urchin shells at high 
temperatures. The fat content of shell and spine samples was relatively low, ranging from 0.58 % 
to 1.01 % (w/w). There was no difference among the samples due to different location, but the 
spine samples were found to contain a higher fat content than the shell samples (p < 0.05). In 
addition, significant differences (p < 0.05) were observed among the different samples, with 
the sample A containing a higher protein content than the sample B, and the spine samples 
generally had a higher protein content than the shell samples. Amarowicz et al. (2012) studied 
the composition of S. franciscanus and reported high mineral and low protein contents (91.08% 
and 4.06%, respecively), while S.droebachiensis had low mineral and high protein contents 





Figure 3.1.  Images of shells and spines of E. chloroticus used in the present study. 
 (A) Shell with spines of E. chloroticus after removal the edible roe. (B) E. chloroticus shells with spines 









Table 3.1 Comparison of the chemical composition of E. chloroticus shell and spine 
samples from different souce 
Samples  Ash content (%) Fat content (%) Protein content (%) 
Sample A shell 85.21 ± 0.51 a 0.58 ± 0.01 c 3.85 ± 0.36 a 
Sample B shell 84.96 ± 0.95 a 0.74 ± 0.03 b 4.80 ± 0.04 ab 
Sample A spine 84.14 ± 0.68 b 1.01 ± 0.03 b 8.96 ± 1.02 b 
Sample B spine 87.38 ± 0.34 a 0.80 ± 0.04 a 6.20 ± 0.67 c 
Each value is presented as mean ± SD.  Means within each column with different letters differ 
significantly (p < 0.05). Data were obtained from three independent experiments.  
3.3.2. Mineral analysis of E. chloroticus shell with spines 
ICP-MS analysis identified the elemental composition of the powdered E. chloroticus shell 
(with spine) samples from two different companies contains substantial amounts of Ca, Mg, 
Na, Sr (Table 3.2), as well as other trace elements. Therefore, it could potentially be used as a 
calcuim supplement due to the high level of elemental calcium. Qin et al. (1998) reported that 
a mixture of calcuim cabonate and calcuim citrate made from sea urchin shell can be used as 
an oral calcium supplement for animals. Shavandi et al. (2016) found that waste E. chloroticus 
shell can be converted into hydroxyapatite and potentially be used in bone grafting because of 
the high concentrations of magnesium present. As mentioned in section 3.3.1, the ash content 
of shell with spine sample B was found to be higher than that of sample A (p < 0.05). The 
mineral analysis showed similar results. The content of Mg, Na, P, Sr, Ba, and Rb in sample A 




Table 3.2 Elemental composition of E. chloroticus shell (with spine) obtained using ICP-
MS * 
Element Sample A (mg/kg) Sample B (mg/kg) 
  Ca 505.59 ±18.70 b g/kg 679.93 ± 26.37 a g/kg 
  Mg 33.09 ± 1.36 b g/kg 45.56 ± 1.65 a g/kg 
  Na 5.29 ± 0.30 b g/kg 7.27 ± 0.28 a g/kg 
  Sr 2.83 ± 0.12 b g/kg 3.90 ± 1.50 a g/kg 
  K  1043.20 ± 59.40 a  1036.80 ± 34.60 a 
  P  528.00 ± 47.30 b 776.10 ± 56.30 a 
  Li  35.93 ± 0.73 a  38.00 ± 1.41 a 
  Cu 10.40 ± 0.31 a 10.58 ± 0.38 b 
  Ba  5.78 ± 0.35 b 8.16 ± 0.36 a 
  Rb 2.20 ± 0.21 b 3.75 ± 0.15 a 
  B**  <160 <160 
  Al** <80 <80 
  Se** <40 <40 
  Fe** <20 <20 
  Zn** <16 <16 
  Mn** <8.0 <8.0 
  Sn ** <4.8 <4.8 
  As** <2.0 <2.0 
  Cr** <2.0 <2.0 







* Each value is presented as mean ± SD (n = 4). Data from two different samples with duplicates. 
** Under detection limitation.  
 Means within each row with different letters differ significantly (p < 0.05). 
3.3.3. Extraction of PHNQ pigments  
The extraction method following the procedure of Shikov et al. (2011) involved the use of 
concentrated acid to dissolve the shell and spine to release the PHNQ compounds, followed by 
extraction of the PHNQs into the organic solvent diethyl ether. Dissolving the shell with spine 
powder with acid generated many bubbles of CO2 gas (Figure 3.3 A) and needed continuous 
stirring to make sure the air bubbles did not affect the contact of the shell and spine powder 
with the acid solution. The acid solubilisation procedure produced a dark brown to red coloured 
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solution (Figure 3.3 B) and the organic solvent extraction procedure extracted the coloured 
material into the organic solvent, which had a brown-orange colour (Figure 3.3 C). The  organic 
solvent was evaporated from the extracts and then the residue was re-dissolved in methanol 
and yielded UV spectra with maxima at 250-280 nm, 320-350 nm and 460-490 nm (Figure 3.4) 
that are characteristic of extracts containing PHNQ that have been found in other sea urchins 
(Amarowicz, et al., 2012; Powell et al., 2014).
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Figure 3.2. Appearance of the material in different stages of the PHNQ extraction 
process. 
  
(A) Bubbles were generated during dissolving the shell and spine powder with acid.  
(B) The shell and spine powder dissolved in acid solution. 





Figure 3.3. Example of absorption spectra of the PHNQ extracts of E. chloroticus shell 






















A B C 
shell  spine  spine  shell 
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3.3.4. HPLC analysis of PHNQ extracts  
The PHNQ organic solvent extract of E. chloroticus shell and spine was characterised using 
HPLC-DAD. Data from HPLC analysis was obtained from three independent experiments and 
Figure 3.4 shows the representive figures from the experiments. The PHNQ extract from the 
shell sample was fractionated by HPLC into four major peaks while the PHNQ organic solvent 
extract from the spine sample was fractionated into six major peaks (Figure 3.5) by HPLC. The 
compounds in those peaks in the chromatogram are very likely to be PHNQ compounds as they 
had characteristic quinonoid compounds that are typically centred at 250-280 nm, 320-350 nm 
and 460-490 nm absorption in their UV-vis spectra (Figure 1 in appendix II) (Amarowicz et 
al., 2012).  
In some cases, the PHNQ extract contained different spinochromes from the same species of 
sea urchin (section 2.5.5, Chapter 2). As discussed previously, it is well known that the 
composition of secondary metabolites in marine organisms may differ significantly due to 
geographic, ecological, seasonal, gender and other variables. It is very likely that differences 
in PHNQ composition of the same species may be due to these variables. Hence, it was of 
interest to investigate whether there were any differences in composition between the sample 
A and sample B. Organic solvent extracts of E. chloroticus shell and spine from sample A had 
higher peaks on HPLC compared with the extracts from sample B, for both shell and spine, 
showing that there were higher levels of PHNQs in sample B, and hence these samples were 







Figure 3.4. Representative examples of RP-HPLC profiles of PHNQs extracted from E. 
chloroticus shell and spine  
 (A) HPLC profile of PHNQ pigments from shell of sample B  (B) HPLC profile of PHNQ pigments 
from shell of sample A (C) HPLC profile of PHNQ pigments from spine of sample B  (D) HPLC profile 





























































3.4. Conclusion  
E. chloroticus shell and spine sample B had a higher protein content while sample A contained 
higher levels of minerals. The PHNQ extracts of E. chloroticus shell and spine samples from 
both locations had similar HPLC profiles, but extracts obtained from sample A had higher 
peaks indicating higher levels of PHNQ compounds. Therefore, it was decided that the studies 
reported in the following chapters would focus on PHNQs from sample A obtained from the 
South Island of New Zealand.  
3.5 Limitations  
In this chapter, the source of sea urchin shells and spines were obtained from different locations. 
According to the information in the literature review (chapter 2), geographic, seasonal, gender 
and other varibles could result in significant differences in the composition of secodary 
metabolites (Salehi et al., 2019). However, due to the limited time and funding, investigating 
samples from different seasons and from both genders was not possible. Repeating the research 
with more samples with different backgrounds in the future would be of interest.  
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Chapter 4. Extraction, structural characterization 
and stability of polyhydroxylated naphthoquinones 
(PHNQ) from shell and spine of New Zealand sea 
urchin (E. chloroticus) 
 
 
Aspects of this chapter have been published in 
Hou, Y., Vasileva, E. A., Mishchenko, N. P., Carne, A., McConnell, M., & Bekhit, A. E-D. A. 
(2019). Extraction, structural characterization and stability of polyhydroxylated 
naphthoquinones from shell and spine of New Zealand sea urchin (Evechinus 
chloroticus). Food Chemistry, 272, 379-387. 
Characterisation of PHNQ compounds using HPLC with diode-array detection and mass 
spectrometry (HPLC-DAD/MS) in this chapter was conducted by Professor Mishchenko (G.B. 
Elyakov Pacific Institute of Bioorganic Chemistry, Far Eastern Branch of Russian Academy of 
Sciences, Vladivostok, Russia) as a collaborative work. There are no commercial standards 






E. chloroticus (also known as kina) is a sea urchin species that is indigenous to New Zealand. 
E. chloroticus has been traditionally sought after by people of the Pacific region for its edible 
roe and has also been harvested commercially (Barker, 2001). The harvesting of sea urchin roe 
results in the generation of a considerable amount of shell and spine as a waste product that 
can contribute to environmental issues such as generation of bad odours, contamination of air, 
soil pollution, and damage to the marine ecosystem (Achilias, 2012). Investigation of possible 
ways to utilize the shell and spine waste could add-value and potentially resolve issues 
associated with environmental pollution. 
Echinochrome A, a polyhydroxylated naphthoquinone (PHNQ) pigment, was first isolated by 
MacMunn in 1885 from the perivisceral (coelomic) fluid of Echinus esculentus (Tyler, 1939). 
Since then, more than 30 different PHNQ pigments from various species of sea urchins, have 
been discovered and identified as spinochromes (Shikov et al., 2018; Vasileva et al., 2017; 
Zhou et al., 2011). PHNQs are polyhydroxylated derivatives of either juglone (5-hydroxy-1,4-
naphthoquinone) or naphthazarin (5,8-dihydroxy-1,4-naphthoquinone) that are usually 
substituted with ethyl, acetyl, methoxyl, and amino groups (Anderson et al., 1969). PHNQs are 
excellent scavengers of free radicals through donating hydrogen atoms in a similar manner to 
that of other well-known polyphenolic antioxidants such as the catechins, quercetin, and gallic 
acid (Powell et al., 2014). Furthermore, PHNQs have demonstrated anti-microbial activity 
against both model human pathogenic bacteria and marine strains (Brasseur et al., 2017). Also, 
PHNQs have exhibited protective effects against several human health disorders such as 
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cardiovascular diseases and eye conditions, as well as displaying anti-inflammatory activity 
(Egorov et al., 1999; Brasseur et al., 2017). These properties have formed the basis for their 
potential application not only as natural food colourants (Zhou et al., 2011), but increasingly 
also as functional ingredients in foods and nutraceutical products (Brasseur et al., 2017; Shikov 
et al., 2018). 
PHNQ pigments occur in shells and spines of the sea urchin as pigment granules associated 
with Ca2+and Mg2+ in the mineral structure, and the protein matrix. Hence, acidic solutions 
have been used to dissolve the mineral structure of the sea urchin shell and spine, followed by 
extraction of the pigments from the acid solution using organic solvents, followed by further 
purification using chromatography. Diethyl ether has been used in several studies to extract 
PHNQ pigments after dissolving the mineral structure using HCl (Kuwahara et al., 2009; 
Kuwahara et al., 2010; Shikov et al., 2011). Other organic solvents such as chloroform 
(Vasileva et al., 2017), ethyl acetate (Powell et al., 2014), either individually or in combination 
(Vasileva et al., 2017) have also been used for the extraction of PHNQs. These previous studies, 
however, were mainly focused on the identification of PHNQ compounds or the bioactivities 
of the PHNQs. The effect of different solvents on the PHNQ extraction in terms of yield or 
compounds composition has not been investigated.  
Macroporous resin is a more recently developed technology involving aspects of ion exchange 
resin technology developed in the 1960's (Zhang and Yan, 2004). Macroporous resin 
technology has been used for wastewater treatment, pharmaceutical applications, chemical 
engineering, analytical chemistry, clinical detection and treatment. In recent years, this 
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adsorption resin has been widely used in research on natural bioactive extracts such as 
polyphenols and flavonoids (Zhang and Yan, 2004). Macroporous resin has several advantages 
over the use of organic solvent extraction because it is easy to use in either column or batch 
format at a relatively low cost, and can be used many times, making its use attractive at an 
industrial scale (Zhang and Yan, 2004). Only few publications have reported the extraction of 
PHNQs using macroporous resin. Zhou and co-workers (Zhou et al., 2011; Li et al., 2013) 
evaluated the extraction of PHNQs from Strongylocentrotus nudus, Glyptocidaris crenularis 
and Strongylocentrotus intermedius using macroporous resin as an alternative to the use of 
traditional extraction of PHNQs with organic solvents that may expose operators and the 
environment to toxic compounds. Hence the use of macroporous resins was proposed as a more 
environmentally friendly and safer option for the extraction and purification of PHNQs. 
Currently, more than 1000 sea urchin species are known (WoRMS, 2019), but only a very 
limited number of investigations have been performed on PHNQs in these species to date. A 
considerable variation in PHNQ composition has been reported among different species, and 
even in the same species found in different geographical locations (Vasileva et al., 2017). E. 
chloroticus, unlike other species of sea urchins distributed in the Northern Hemisphere, is only 
found around the main islands of New Zealand and the PHNQ composition has not been 
reported prior to this present study. E. chloroticus has been exploited by commercial fisheries 
and has potential for export to countries where the gonads are considered as delicacies, 




In this chapter, different extraction methods (using either traditional organic solvents, or 
macroporous resins) for extracting PHNQ from E. chloroticus shell and spine were evaluated 
and PHNQ compounds were identified and their yields were determined. The PHNQ 
compounds were characterized by HPLC and LC-MS. The stability of PHNQ extracts obtained 
from E. chloroticus was also evaluated to provide more information. The work flow for this 
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4.2. Materials and methods 
4.2.1. Chemicals and reagents  
All chemicals were of analytical grade and were from Fisher Scientific UK (Loughborough, 
Leics, UK), unless otherwise stated. Hydrochloric acid, sodium hydroxide, sodium sulfate 
anhydrous, diethyl ether, ethyl acetate and chloroform were from ECP Ltd (Auckland, New 
Zealand). Solvents used in high performance liquid chromatography (HPLC), formic acid, 
methanol, acetonitrile, and Macroporous resins (NKA-9, NAK-2, ADS-17, D4020, D4006, and 
D101) were obtained from Cangzhou Bon Absorber Technology Co., Ltd (Cangzhou, China). 
4.2.2. Source of sea urchin shells and spines 
Sea urchins (E. chloroticus) were collected from around the southern coast of the South Island 
of New Zealand by a commercial company (Cando Fishing Ltd., Bluff, New Zealand). Shells 
and spines were processed into a powder as described in section 3.2.2 in chapter 3 and stored 
at -20°C in the dark. 
4.2.3. Extraction of PHNQ pigments using macroporous resins 
The dried shell and spine powders were dissolved by gradually adding 3 M HCl to achieve a 
solid to liquid ratio of 1:10 (w/v) with continuous stirring as described by Zhou et al. (2011). 
After centrifugation at 13,300 x g for 20 min at 4°C, the supernatant containing the PHNQ 
pigments was collected and stored at -20°C in the dark.  
Six different types of macroporous resins (polar resins NKA-9 and NKA-2; intermediate polar 
resin ADS-17; non-polar resins D4020, D4006, and D101, Table 1 in appendix III) were used 
in this study. The resins were equilibrated in 95% ethanol for 24 h and then washed thoroughly 
with deionized water several times until the water was clear. The resins were then treated with 
two bed volumes of 5% (v/v) HCl and then two bed volumes of 5% (v/v) NaOH to remove any 
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monomeric and porogenic agents that remained in the pores of the resin after the resin synthesis 
process. The resins were then washed with deionized water until neutral pH was reached, and 
then soaked in two bed volumes of 95% (v/v) ethanol for 24 h and washed thoroughly with 
deionized water (Zhang et al., 2008).  
The pH value of the crude PHNQ extract solutions prepared from E. chloroticus shell and spine 
powders was adjusted to pH 1.0 using HCl and NaOH (1M). After centrifugation (13,300 x g, 
20 min, 4°C), aliquots of the supernatant were used to evaluate binding of the pigments to each 
of the macroporous resins. Aliquots (5 mL) of pigment solution were mixed with 1.0 g of each 
resin in a 50-mL beaker, which was shaken at a constant shaking speed of 150 rpm for 3 h. 
Then, the solution containing any unbound pigment was removed and retained, and the resin 
containing absorbed pigment was washed with deionized water. The bound pigment was 
desorbed with 5 mL methanol in a 50-mL beaker on a shaking incubator at room temperature 
at 150 rpm for 1 h.  
The adsorption capacity and desorption capacity of pigment were calculated using the 
following equations (Zhou et al., 2011):  
Equation 4.1 Pigments adsorption capacity (%) 




Equation 4.2 Pigments desorption capacity (%) 




Where A1 is the absorbance of the pigment solution before adsorption, A2 is the absorbance of 
the pigment solution after adsorption, A3 is the absorbance of the pigment solution after 
desorption. The absorbance was read at 475 nm.  







Where W1 is the weight of dry extraction, W2 is the weight of dry shell or spine powder.  
4.2.4. Extraction of PHNQ pigments using organic solvents 
The dried shell and spine powders were dissolved by gradually adding 6 M HCl to achieve a 
final solid to liquid ratio of 1:5 (w/v) in the dark at room temperature according to the method 
used in a published study (Shikov et al., 2011). The mixture was centrifuged (13,300 × g, 20 
min, 4°C), and aliquots of the clarified supernatant containing the PHNQ pigments were 
extracted three times sequentially with the same volume of respective organic solvents: diethyl 
ether (DE); ethyl acetate (EA). Another set of aliquots of the clarified PHNQ solution were 
subsequently extracted three times with the same volume of chloroform (CF) and ethyl acetate 
(EACF) respectively. The organic solvent extracts containing the pigments were washed with 
Milli-Q water to remove any residual acid and then dried over anhydrous sodium sulfate. The 
organic solvent was evaporated to dryness under reduced pressure in a rotary evaporator at 
45°C in the dark. The PHNQ pigments were then redissolved in methanol and stored at -20°C 
in the dark.   
4.2.5. Detection of PHNQs by HPLC 
Please refer to section 3.2.6 in chapter 3.  
 
4.2.6. Characterisation of PHNQ compounds using HPLC with diode-
array detection and mass spectrometry (HPLC-DAD/MS) 
The method was conducted according to the method of Vasileva et al. (2017). Before analysis, 
samples were filtered through a 0.2 μm PTFE syringe filter (Axiva). The injection volume was 
2 μL. The HPLC used was a Shimadzu system with a diode-matrix SPD-M20A (Shimadzu 
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USA Manufacturing Inc., Canby, USA) connected to a mass-spectrometry (MS) detector 
LCMS-2020 (Shimadzu Corp., Kyoto, Japan). The separation was carried out on a Discovery 
HS C18 column (150 × 2.1 mm, 3 μm particle size, Supelco, Bellefonte, USA) with a 
Supelguard Ascentis C18 pre-column (2 × 2.1 mm, 3 μm particle size, Supelco, Bellefonte, 
USA) using a binary gradient of H2O (A): acetonitrile (B) with the addition of 0.1% methanol 
at a flow rate of 0.2 mL/min and column temperature of 40°C. The gradient was as follows: 0-
6 min, 10-40% (B); 6-11 min, 40-100% (B); 11-12 min, 100% (B), 12-13 min, 100-10% (B); 
and 13-17 min, 10% (B). The chromatograms were recorded at 254 nm. Mass spectra were 
acquired in the electrospray ionization (ESI) mode at atmospheric pressure, recording negative 
ions (1.50 kV) in the m/z range of 100 – 800.  
4.2.7. Determination of PHNQ stability 
The determination of PHNQ stability was carried out according to the method of Zhou et al. 
(2012). E. chloroticus spine PHNQs extracted with ethyl acetate were dissolved in HPLC grade 
methanol at a concentration of 1 mg/mL. The solution was stored at room temperature (20 ± 
2°C) in the dark (covered with tin foil) or under natural light (UV index information when the 
experiments were conducted is in Figure 1 in appendix IV). The absorbance of the PHNQ 
solution at 475 nm was recorded at 0, 3, 6, 12, 24 h and 2, 3, 5, 7 days. Aliquots of the PHNQ 
solution stored in natural light at 0, 3, 6, 12, 24 h and 2, 3, 5, 7 days were analysed by HPLC.  
The stability of PHNQ extract was calculated by the following equations:  
Equation 4.3 Percentage of PHNQ remining culatulated by absorbance (%) 




Where A1 is the absorbance of the pigment solution at certain time points, A2 is the initial 
absorbance of the pigment solution. The absorbance was read at 475 nm.  
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Equation 4.4 Percentage of PHNQ remining culatulated by peak area 




Where Area 1 is the peak area at certain time points measured by HPLC at 475 nm, Area 2 is 
the peak area at time 0 measured by HPLC.  
4.2.8. Statistical analysis 
The data were analysed using analysis of variance (ANOVA) using Minitab 17.0 Software 
(Minitab Pty Ltd, Sydney, Australia). General linear model protocol was used to determine the 
effects of the resin type (D101, D4006, D4020, NKA-9, NKA-2 and ADS-17) on the adsorption 
capacity, desorption rate, yield of PHNQ extract, and to determine the effect of extraction 
solvents on the pigment yield. In addition, general linear model (GLM) was used to determine 
the stability of the individual pigments during storage at various times. The results are reported 
as means ± standard error of the means and significant differences among the means were 
determined using Tukey’s Honesty test at p-value < 0.05. 
4.3. Results and discussion  
4.3.1. Evaluation of the absorption and desorption of PHNQs from 
macroporous resins 
A preliminary experiment was carried out to determine the effect of operational parameters on 
absorption and desorption efficiency. Li et al. (2013) found that the adsorption rate (the term 
“absorption rate” was used in the original paper by Li et al. (2013), but it should be adsorption 
capacity) increased with decreasing pH value (from pH 1 to pH 6) of pigment solution using 
NKA-9 macroporous resin and when pH=1, the resin showed the highest adsorption capacity. 
In the present study, after the shell/ spine powders were dissolved in 3 M HCl, 1 M NaOH was 
added to the acidic solution to adjust the pH to either pH 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or 11. The 
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effect of pH on the pigment aqueous solution is shown in Figure 4.2 A. Both the initial pigment 
solution in 3 M HCl and the solution adjusted to pH 1, were orange, and the solution became 
yellow-brown or brown when the pH of the solution was adjusted from 2 to 7 (Figure 4.2 A). 
The absorbance at 475 nm decreased with the increase in pH (Figure 4.2 B), indicating a change 
in electron resonance of the PHNQ pigment molecules. At pH above 7 (alkaline pH), a 
precipitate was formed and after centrifugation, the supernatant was clear without any colour, 
indication most of PHNQs were precipitated and there was very limited amount left in the 
solution, which is consistent with a previous study (Zhou et al., 2012). As a result, the PHNQ 
solutions were adjusted to pH 1 for evaluation their binding capacity to the different 
macroporous resins. It was also found in preliminary experiments that the adsorption capacity 
increased with increasing adsorption time up to 3 h, while the desorption capacity reached the 



































Figure 4.2. The pH effect on pigments aqueous solution 
 
(A) The colour change of the PHNQ extract solution at different pHs. (B) Wavelength scan of the 
PHNQ aqueous solutions at pH range 1-7.  
Desorption capacity, yield and HPLC profile of PHNQ extracts were evaluated by using either 
ethanol or methanol as the desorption solvents. There was not any significant difference 
between using methanol and ethanol in terms of desorption capacity and yield (Figure 4.3), but 
according to the HPLC profile (Figure 4.4 A and 4.4 B), methanol gave the higher peak height 
of the main peak compared to ethanol. Thus, methanol was chosen as the desorption solvent 
for the macroporous resins.  
 
Figure 4.3. Comparison of the desorption capacity and yield by using two desorption 
solvents (ethanol and methanol) for PHNQ pigment extraction from E. chloroticus shell 
and spine. 
















































Figure 4.4. RP-HPLC profiles of PHNQ obtained using macroporous resins D4060 from 





































Six different macroporous resins were evaluated for their adsorption and desorption capacity 
for PHNQ pigments extracted from E. chloroticus shell and spine. As shown in Figure 4.5A, 
the resins D101, D4006 and D4020 exhibited higher adsorption capacity for E. chloroticus 
shell PHNQs compared to the other resins (P < 0.05), while for E. chloroticus spine PHNQs, 
there was no significant difference between the adsorption capacities of the different resins. 
The D101, D4006, D4020 and NKA-9 resins exhibited higher desorption capacities for both E. 
chloroticus shell and spine PHNQs compared to the NKA-2 and ADS-17 resins (P < 0.05) 
(Figure 4.5B). Li et al. (2013) reported that NKA-9 resin exhibited the highest adsorption and 
desorption capacities for PNHQ pigments extracted from Glyptocidaris crenularis and 
Strongylocentrotus intermedius. This was in agreement with a previous study from the same 
laboratory (Zhou et al., 2011) where the NKA-9 resin also showed the highest recovery rate of 
PHNQ pigments from the sea urchin S. nudus compared to that of the macroporous resins 
D4020, D101, NKA-2 and AB-8. In their studies, eight PHNQ compounds were identified 
including six common spinochromes, and acetylaminotrihydroxy-naphthoquinone and 
aminopentahydroxy-naphthoquinone (now established as spinamine E) in S. nudus (Zhou et al., 
2011), while three PHNQ compounds, including spinochrome B, spinochrome D and 
spinochrome E were reported by Li et al. (2013) from G. crenularis. The difference in the 
specific PHNQ interaction with macroporous resins could be explained by the different 
chemical nature of spinochromes and the yield may be affected by other biomaterial that also 





Figure 4.5. Comparison of the adsorption capacity (A) and desorption capacity (B) of 
six types of macroporous resins for PHNQ pigments from E. chloroticus shell and spine. 
 
 (A) Adsorption capacity of PHNQ extract of E. chloroticus shell and spine on different macroporous 
resins. The adsorption capacity was determined for three separate experiments. Adsorption capacity 
with different letters (A-E) are significantly different (P < 0.05).  (b) Desorption capacity of PHNQ 
extract of E. chloroticus shell and spine on different macroporus resins. The desorption capacity was 
determined for three separate experiments. Desorption capacity with different letters (A-B) are 
















































































It is well understood that the composition of the extract, the extraction parameters and the type 
of resin affects the adsorption capacity. For example, one study showed that pH can influence 
the adsorption of PHNQs by macroporous resin (Li & Chase, 2010). Further, Zhou et al. (2011) 
reported that optimization of the operating parameters, including the pH of the pigment solution, 
solution volume to resin weight, and the time and temperature at which the adsorption process 
is carried out, can affect the adsorption capacity. The adsorption capacity was increased by 
decreasing the pH of the pigment solution from 6 to 1. The change in pH can affect the nature 
of the interaction between PHNQs and the active binding sites of the macroporous resins (Li 
& Chase, 2010). However, in the present study, at alkaline pH, a precipitate was formed in the 
PHNQ aqueous solution and thus it is very important to maintain the extract at low pH for the 
solubilization of PHNQ aqueous solution (Figure 4.2). The adsorption mechanism of PHNQs 
on to macroporous resins has been proposed to be associated with the formation of hydrogen 
bonding (Zhou et al., 2011). 
The internal surface area, pore diameter and surface polarity are the three key parameters that 
characterise adsorptive capacity of the macroporous resins (Li & Chase, 2010). The surface 
areas of the NKA-9, NKA-2 and ADS-17 resins are relatively small, and these resins possess 
relatively strong polarity, compared to D4006, D4020, and D101 resins. This could explain 
why the binding capacity of the D4006, D4020 and D101 resins was better than that of the 
NKA-9, NKA-2 and ADS-17 resins. As the performance (recovery rate = adsorption capacity 
× desorption capacity) of the ADS-17 and NKA-2 resins was considerably lower than the other 
resins for both the shell and spine PHNQ extracts, the other four resins (D4006, D4020, 
D101and NKA-9) were chosen for further evaluation of their binding of E. chloroticus PHNQs. 
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4.3.2. Effect of organic solvents and macroporous resin type on PHNQ 
yield 
The extraction procedure produced yellow/orange/red extracts of various intensities, depending 
on the extraction method and whether the extract was derived from the shell or spine. The UV 
spectra generated from the pigment extracts had maxima at 270, 340, and 475 nm, 
corresponding to typical absorbance maxima reported for PHNQ pigments (Amarowicz, et al., 
2012; Powell et al., 2014). 
4.3.2.1. Yield of PHNQ pigments from macroporous resins  
The yields of PHNQ pigments obtained from the four macroporous resins (D101, D4020, 
NKA-9 and D4006) that exhibited overall the best adsorption/desorption of PHNQ pigments 
out of the six resins initially evaluated are shown in Figure 4.6 A. Overall, the shell extract had 
a higher yield from the macroporous resins compared to the spine extract (p < 0.05). The D101 
resin had the highest yield for the E. chloroticus shell extract of 25.36 mg/g dry powder and 
the D4006 resin had the lowest extraction yield of 0.42 mg/g dry powder (p < 0.05). The D4020 
resin had the best extraction yield for E. chloroticus spine, at 16.39 mg/g dry powder (p < 0.05). 
However, this result was not in agreement with the adsorption capacity and desorption capacity 
calculated based on absorbance at 475 nm. D4006, which had relatively higher adsorption and 
desorption capacity, had the lowest yield (0.42 mg/g dry powder for shell and 1.49 mg/g dry 
powder for spine) compared to other resins (p < 0.05). Hence, resins producing high dry weight 
yields but low PHNQ, which was indicated by the low absorbance at 475 nm. This suggests 
that there might be other compounds being absorbed by macroporous resins besides PHNQs. 
For example, resin D101 was reported to be used for deproteinization of polysaccharides from 
petals of Crocus sativus L (Yang et al., 2018), which suggested it had the ability to bind protein 
material. Therefore, further studies should be conducted to find out the proportion and 
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composition of PHNQ in the crude extract in order to evaluate the PHNQ extraction efficiency 
of macroporous resins compared to organic solvent extraction.  
 
 
Figure 4.6. Yields of PHNQ processed on macroporous resin (A) compared to extraction 
with organic solvent (B). 
(A) Yields of PHNQ from E. chloroticus shell and spine processed with different macroporous resins. 
For different macroporous resins, yield with different letters (A-G) are significantly different (P < 0.05).  
(B) Yields of PHNQ from E. chloroticus shell and spine extracted with different organic solvents.  For 
different solvent extraction, yields with different letters (A-E) are significantly different (P < 0.05).  EA: 
ethyl acetate extract; EACF: ethyl acetate extract after extracting by chloroform; DE: diethyl ether 








































































4.3.3. Yield of PHNQ pigments obtained from organic solvent extraction  
The yield of PHNQ pigments obtained by extraction using different organic solvents is shown 
in Figure 4.6 B. The yield ranged from 0.71 to 3.69 mg/g dry powder depending on the 
extraction solvent used and whether the initial acid PHNQ pigment was extracted from shell 
or spine. The highest PHNQ extraction yield from E. chloroticus spine was obtained using 
solvent EACF and the lowest was obtained using solvent CF. A higher PHNQ pigment yield 
was obtained from shell compared to spine acid extracts (p < 0.05). The total PHNQ content 
extracted using solvent DE from shells and spines was 2.10 mg/g and 0.79 mg/g dry powder, 
respectively. These yields are comparable to those reported for the PHNQ content extracted 
from S. franciscanus and S. droebachiensis shells (with spines) (1.21 and 1.63 mg/g dry powder, 
respectively) using diethyl ether, the same solvent as used by Amarowicz et al. (2012). 
However, there was considerable variation in the yield of PHNQ obtained in other reports. The 
extracted PHNQ yield from S. polyacanthus ranged from 11.9-13.2 µg/g dry shells (shell and 
spine combined) while the extracted PHNQ yield from shell and spine of S. pallidus, Brisaster 
latifrons and Echinarachnius parma was approximately 30 μg/g dry shells using chloroform 
and ethyl acetate as the extraction solvents (Vasileva et al., 2017). For the sea urchin S. 
droebachiensis collected in the Okhotsk Sea on the coast of the Kuril Islands, the total extracted 
pigment yield ranged from 88.4 to 331.2 µg/g dry shells (shell and spine combined) depending 
on geographic location (Vasileva et al., 2017). However, it is important to note that the yield 
in the study of Vasileva et al. (2017) was determined spectrophotometrically and expressed as 
echinochrome A equivalent rather than calculation based on the dry weight of the extracts.  
Vasileva et al. (2017) found that sea urchin shell and spine tend to contain more PHNQ pigment 
when gathered from a greater ocean depth. Hatate et al. (2002) found that the pigment content 
in shell and spine combined from the purple sea urchin Anthocidaris crassispina had a 10-fold 
higher concentration than that of the red sea urchin Pseudocentrotus depressu. As the above 
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data reported in the literature were obtained by different methods, it is difficult to compare the 
results from these studies. 
The apparent yields on a weight basis of PHNQ pigments were much higher from macroporous 
resins D101, D4020 and NKA-9, than from any of the solvent extractions (Figures 4.6 A and 
4.6 B). The yield from spine samples extracted by the DE and CF solvents was similar to that 
obtained from the D4006 resin. However, the yield from shell was much higher in the solvent 
extracts compared to that obtained from the D4006 resin (Figure 4.6 A and 4.6 B). The 
chemical functionalities present on the resins, as well as the solvent type (as mentioned 
in section 4.3.1 and 4.3.2 above), affect the extraction efficiency and subsequently the resultant 
yield. However, as discussed section 4.3.5.1, the apparent higher yields of PHNQ extracts 
obtained on a dry weight basis from the D101, D4020 and NKA-9 resins are likely due to other 
compounds (e.g. protein) that bind to the resin in addition to PHNQs. 
4.3.4. Characterisation of PHNQ compounds by HPLC-DAD/MS 
The PHNQ compounds in E. chloroticus spine extracted using ethyl acetate were characterised 
using HPLC-DAD/MS as extraction of spine with this solvent gave the most comprehensive 
extraction of different PHNQs. The PHNQ extract was resolved by HPLC into 11 peaks with 
a substantial absorption spectrum at different retention times (Figure 4.7). However, the 
compounds in peaks 9-11 in the chromatogram are not likely to be PHNQ compounds because 
they did not have characteristic quinonoid compound absorption in their UV-Vis spectra, which 
are typically centred at 250-280 nm, 320-350 nm and 460-490 nm (Amarowicz et al., 2012). 
In contrast, the compounds present in the other peaks all showed the typical UV/Vis spectra of 
PHNQs (Table 4.1 and Figure 4.8). In this study, identification of PHNQ compounds was based 
on their retention time, UV/Vis absorption and ESI-MS data, compared to those of authentic 






Figure 4.7. RP-HPLC profiles of PHNQs obtained from E. chloroticus spine by  
Shimadzu system 
 




US/VIS Formula Identification Structure elucidation 
1 5.87 253 264, 
350,478 
C10H6O8 Spinochrome E 2,3,5,6,7,8-hexahydroxy-1,4-
naphthoquinone 
2 6.93 252 275, 372, 
473 
C10H7NO7 Spinamine E 2-amino-3,5,6,7,8-pentahydroxy-
1,4-naphthoquinone 
3 7.66 221 265, 320, 
389, 470 
C10H6O6 Spinochrome B 2,3,5,7-tetrahydroxy-1,4-
naphthoquinone 
4 10.00 279 291, 443 C12H8O8 Spinochrome C 2-acetyl-3,5,6,7,8-pentahydroxy-
1,4-naphthoquinone 
5 10.71 265 255, 337, 
469 
C12H10O Echinochrome A 6-ethyl-2,3,5,7,8-pentahydroxy-1,4-
naphthoquinone 
6 10.85 263 266, 302, 
385, 486 
C12H8O7 Spinochrome A 2-acetyl-3,5,6,8-tetrahydoxy-1,4-
naphthoquinone 
7 11.43 264 278, 349, 
486 
C12H11NO6 Echinamine A 2-amino-7-ethyl-3,5,6,8-
tetrahydroxy-1,4- naphthoquinone 
8 11.73 264 273, 348, 
486 






Datafile Name:E chloroticus EtOAc1_01.lcd
Sample Name:E chloroticus EtOAc
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Figure 4.8. UV/ Vis spectrum and mass spectra of PHNQ compounds 
 
In the present study, peak 1, as one of the main peaks, had absorbance maxima at 264, 350 and 
478 nm and MS properties of [M-H] - signal at 253 indicative of spinochrome E (Figure 4.8) 
(Powell et al., 2014; Vasileva et al., 2017; Zhou et al., 2011). Spinochrome E is the most polar 
PHNQ, eluting from the C18 RP-HPLC column in the same location as described previously 
(Powell et al., 2014; Zhou et al., 2011). Peak 2 was putatively identified as spinamine E 
(Vasileva et al., 2016).  Spinamine E, an aminonaphthoquinone, was first isolated from the sea 
urchins Strongylocentrotus pallidus and Strongylocentrotus nudus (Vasileva et al., 2016). The 
structure of spinamine E was elucidated to be 2-amino-3,5,6,7,8-pentahydroxy-1,4- 
naphthoquinone using 1H-, 13C- and 2-D NMR. Peaks 3, 4, 5 and 6 were putatively identified 
as spinochrome B, spinochrome C, echinochome A and spinochrome A, respectively. 
Spinochrome B and echinochrome A were also present as two main peaks. Peak 7 and peak 8 
were identified as the aminonaphthoquinones, echinamine A and B. They were first isolated 
from the sea urchin Scaphechinus mirabilis (Mishchenko et al., 2005). Echinamine A and B 
represent the first known examples of natural polyhydroxynaphthazarins with a primary amino 
group (Mishchenko et al., 2005). The structures of echinamine A and B were established by 
analysis of spectroscopic data and synthesis of their dimethyl ethers. 
Aminopentahydroxynaphthoquinone with the molecular formula C10H7NO7 and 
acetylaminohydroxynaphthoquinone with the molecular formula C10H9NO6 were found in S. 
nudus by Zhou et al. (2011). The molecular formula C10H7NO7 matched with the known 















aminated PHNQ, spinamine E, while the identity of the other one is still unknown. 
Characterization of these compounds including UV/VIS and M/Z [M-H]- is shown in Table 4.1 
and Figure 4.8.  
To date, 37 PHNQ pigments from sea urchins have been identified (Shikov et al., 2018; Hou 
et al., 2018). Anderson et al. (1969) had proposed that echinochrome A, and spinochromes A, 
B, C, D and E were the six PHNQ pigments found widely in sea urchin shell and spine. Usually, 
hydroxyl-, methoxy-, ethyl- or acetyl- substitutes are present in the skeleton of 1,4-
naphthoquinone in different proportions. Spinazarin (2,3,5,8-tetrahydroxy-1,4-
naphthoquinone) and ethylspinazarin (6-ethyl-2,3,5,8-tetrahydroxy-1,4-naphthoquinone) were 
extracted and identified as minor pigments from the shell of Scaphechinus mirabilis 
(Yakubovskaya et al., 2007). PHNQ dimers were tentatively identified in Strongylocentrotus 
droebachiensis shell (Shikov et al., 2017). Two new sulfated spinochromes from 
Psammechinus miliaris have been reported (Powell et al., 2014). Recently, Brasseur et al. 
(2017) identified an isomer, Iso 1, of Spinochrome A in Toxopneustes pileolus and two 
Spinochrome D isomers, Iso 1 and Iso 3 in Diadema savignyi, T. pileolus and Tripneustes 
gratilla by mass spectrometry. However, the exact structure was not determined. 
 
4.3.5. Effect of organic solvent extraction and macroporous resin 
processing on PHNQ composition  
4.3.5.1. Macroporous resin processing  
Even though the yield of PHNQ from the shell extract using the D101 resin was the highest, it 
only contained a very small amount of spinochrome B and echinochrome A based on the HPLC 
PHNQ profile (Figure 4.9 A). The yield of PHNQ from the shell extract obtained using the 
D4020 and NKA-9 resins contained mainly spinochromes B and E and echinochrome A. The 
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yield of echinochrome A was higher using the D4060 resin compared to the other resins (Figure 
4.9 A).  
The E. chloroticus spine extract when processed using the D4020 and D101 resins contained 
mainly spinochromes A, B and E, echinochrome A and spinochrome A (Figure 4.9 B and 
Figure 4.10 A). No amino-PHNQs were obtained using the D4020 and D101 resins (Figure 4.9 
B and Figure 4.10 B). Spine extracts processed using the D4006 and NKA-9 resins contained 
eight PHNQ compounds (Figure 4.9 B). Although the adsorption capacity for NKA-9 was not 
the highest of the resins evaluated for E. chloroticus spine extract, when both the HPLC profile 
and the PHNQ yield are considered, this resin appears to be the best resin for obtaining PHNQs 
from E. chloroticus spine extracts. Zhou et al. (2012) reported that with the resin NKA-9, eight 
PHNQs were extracted from S. nudus spine including spinochromes A, B, C and E, 
echinochrome A and two unknown amino-PHNQs. However, only spinochrome B was 
obtained using the same resin from S. intermedius spine, and spinochromes B, D and E were 
extracted from Glyptocidaris crenularis using the same resin (Li et al. 2011). In an earlier study, 
Utkina et al. (1976) extracted five PHNQ compounds from S. intermedius spine using diethyl 
ether. 
4.3.5.2. Organic solvent extraction of E. chloroticus shell and spine powders  
As shown in Figure 4.9 C, only five PHNQ peaks were detected by HPLC in CF extracts 
obtained from shell and spine, corresponding to spinochromes A and C, echinochrome A and 
echinamines A and B, indicating that this solvent had a poor ability to extract spinochromes B, 
spinochrome E, and spinamine E. The organic solvent extraction results suggest that 
chloroform could be used as a solvent for selective extraction of some of the PHNQs, and the 
other three PHNQs not extracted by chloroform could be selectively extracted subsequently 
using ethyl acetate. CF solvent shell extracts exhibited the highest concentration of 
echinochrome A, while EACF solvent shell extracts contained the highest proportion of 
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spinochrome E (Figure 4.10A). Recently, it was reported that a chloroform extract of S. 
pallidus shell did not contain PHNQ pigments, and an ethyl acetate extract contained only 
spinochrome E and its aminated analogue spinamine E (Vasileva et al., 2016). This is in 
agreement with the present study, where ethyl acetate extracts obtained after chloroform 
extraction contained a relatively higher proportion of spinochromes B and E, and spinamine E, 
but only a very small amount of echinochrome A, echinamines A and B, and no spinochromes 
A and C.  Eight PHNQ peaks were found by HPLC in the DE and EA solvent extracts from 
spine and 7 PHNQ peaks in the DE and EA solvent extracts from shell (Figure 4.9 C and Figure 
4.9 D). The main difference found between shell and spine solvent extracts was that 
spinochrome A was found in spine extracts but not in shell extracts (Figure 4.9 D). 
The extraction of PHNQ pigments from E. chloroticus shell and spine conducted in this study 
showed that, although higher extract yields were obtained on a dry weight basis by using 
microporous resin extraction, when the extracts were analysed for PHNQ composition and 
yield by HPLC, the extracts obtained by organic solvents alone had a higher yield of PHNQs. 
No universal method for extraction PHNQs from sea urchin shell and spine has been reported 
in the literature so far, but various organic solvent extraction methods have been used widely 
(Shikov et al., 2018; Hou et al., 2018). There is increasing interest in the use of greener 
chemistries for extraction of molecules such as PHNQs from natural product materials. 
Macroporous resin is still attractive at an industrial scale regardless of the lower yield of 
PHNQs. It is important to evaluate the bioactivities of macroporous resin extracts and compare 
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Figure 4.9. RP-HPLC profiles of PHNQ obtained using macroporous resins from E. 
chloroticus shell and spine, with comparison to PHNQ extracted using organic solvents. 
 
(A) HPLC profiles of PHNQ pigments from E. chloroticus shell using different macroporous resins.  
(B) HPLC profiles of PHNQ pigments from E. chloroticus spine using different macroporous resins.  
(C) HPLC profiles of PHNQ pigments from E. chloroticus shell using different organic solvents.  (D) 
HPLC profiles of PHNQ pigments extracted from E. chloroticus spine using different organic solvents. 
EA: ethyl acetate extract; EACF: ethyl acetate extract after extracting by chloroform (EACF); DE: 


















































Figure 4.10. Comparison of the proportions of individual PHNQ compounds in E. 
chloroticus shell and spine extracts obtained using either different macroporous resins 
or different organic solvents. (A) Main PHNQs (B) Amino PHNQs. 
EA: ethyl acetate extract; EACF: ethyl acetate extract after extracting by chloroform (EACF); DE: 
diethyl ether extract; CF: chloroform extract. Each value is presented as mean ± SD (n = 3). 
4.3.6. Stability of PHNQs 
The impact of some physical factors on the stability of PHNQs have been discussed previously 
(Lebedev et al., 2003; Zhou et al., 2012; Shikov et al., 2017), but there is no information on 








































































solutions was considered as one of the significant parameters that can cause degradation of 
PHNQs (Zhou et al., 2012). Therefore, in the present study the impact of natural light on the 
stability of pigments isolated from E. chloroticus spine was also analysed. PHNQ samples 
exposed to natural light were time course analysed by UV spectrophotometry and HPLC to 
evaluate the stability of individual PHNQs in crude extracts obtained by HPLC 
chromatography.  
The pigment extract prepared from E. chloroticus spine with ethyl acetate was a mixture that 
included eight PHNQ compounds. After 7 days, both the solutions that were stored in the dark 
and exposed to natural light were still transparent and homogeneous, and were orange in colour, 
without any precipitation. As shown in Figure 4.11 A, the absorbance of PHNQ solutions under 
natural light was decreased by 33.5% compared to the initial absorbance, while the absorbance 
of the solution in the dark appeared to be slightly increased (111.8%). The slight increase in 
absorbance was likely due to evaporation of some of the methanol over the 7-day storage, 
which was the same for both the dark and light stored solution. The stability of PHNQs under 
the natural light found in this study was similar with that reported by Zhou et al. (2012). In 
their study, the absorbance of PHNQ compounds was reduced to 40.11% of the initial 
absorbance in the light and to 65.14% of the initial absorbance for the pigment solution under 
the dark. This is in disagreement with the results found in the present study where the 
absorbance of the solution in the dark was not affected. The difference in PHNQ stability in 
the dark may be explained by the use of water as the solvent in the stability study of Zhou et 
al. (2012) which has different ionisation properties, compared to methanol used as the solvent 
in the present study, and also possibly due to differences in PHNQ compound composition. 
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Auto-oxidation is considered the main process that results in pigment instability during storage. 
Under certain conditions (such as alkaline pH) echinochrome A has been reported to undergo 
autoxidation due to the high reactivity of β-hydroxyls (Lebedev et al., 2003), however the 
mechanism of light-stimulated autoxidation of PHNQ is not fully understood at present.  
Cho et al. (1999) observed that 1,4-naphthoquinone pigments, including deoxyshikonin, 
shikonin, acetylshikonin, isobutylshikonin and α-hydroxyisovalerylshikonin isolated from the 
roots of Lithospermum erythrorhizon, showed photo-degradation and they suggested that the 
substituted groups do not affect the photolysis of the 1,4-naphthoquinone. In order to find out 
whether the substituted groups of PHNQs affect their photo stability, the PHNQ methanol 
solutions used in our study were evaluated by HPLC.  
Interestingly, it was found that at least 65% of the spinochromes A, B, C and E, and 
echinochrome A remained after seven days storage under natural light (Figure 4.11 B). Among 
these, spinochrome A showed the highest stability (89% remained) while all of the amino-
PHNQ including spinamine E and echinamine A and B were not able to be detected after 7-
days of storage. Even though they were the minor components in E. chloroticus spine PHNQ 
extracts, their relative content was in total 7.55%. A 10% degradation time (CT10) and half-
degradation time (CT50) were defined to characterize the stability of amino-PHNQ pigments 
(Xiao and Högger, 2015). The cT10 for spinamine E, and echinamine A and B was 1.15, 1.19, 
0.16 h respectively while cT50 was 6.19, 6.08, and 0.89 h, respectively, indicating that among 
these amino-PHNQ pigments, echinamine B was the most unstable pigment. Vasileva et al. 
(2016) reported that echinamine B and spinamine E were the best scavengers of the DPPH 
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radical and were effective inhibitors of lipid peroxidation. Their results showed that the 
presence of the amino group in position 2 of the 1,4-naphthoquinone molecule leads to much 
higher anti-radical and antioxidant properties than the presence of the hydroxyl group in the 
same position in molecules with the same arrangement of the other substituents. Having a 
stronger antioxidant activity means that compounds are more prone to be oxidized. The present 
findings suggest that the amino substituted groups in position 2 decreased the photo-stability 
of those PHNQs.  
Among all of the hydroxylated analogues, spinochrome A showed the highest stability (91.56% 
remained) while spinochrome E showed the lowest stability (65.46%). Vasileva and 
Mishchenko (2016) showed that spinochrome A had the lowest scavenging activity against 
DPPH radicals while spinochrome E had relatively higher activity among echinochrome A, 
and the spinochromes A, B, C and E. This suggested that the six hydroxyl groups in 
spinochrome E make it more unstable and prone to auto-oxidation under light compared to 





Figure 4.11. Comparison of the effect of dark verses natural light storage on the 
stability of PHNQ pigments in methanol. 
 
 (A) Comparison of the stability of PHNQ in methanol solutions stored in the dark and in natural light 
using spectrometric measurements, percentage yield with different letters (A-G) are significantly 
different (P < 0.05). (B) Percentage of individual PHNQ pigments in samples during storage in natural 

































































4.4. Conclusion  
This study has identified eight PHNQ compounds extracted from E. chloroticus shell and spine, 
namely spinochromes A, B, C and E, and echinochrome A, and at lower abundancy, the amino 
analogue spinamine E, and echinamines A and B. It was found that the yield of PHNQ varies 
depending on the extraction method used, ranging from 0.17 to 25.36 mg PHNQ/g E. 
chloroticus shell or spine material. Following evaluation of the PHNQ samples by HPLC, it 
was concluded that organic solvent extraction was better in extracting PHNQ than the 
macroporous resin method, as other non-PHNQ compounds appear to be present in the extracts 
obtained by resins. From a commercial and environmental viewpoint, the macroporous resins 
would be more suitable for large-scale production because of the use of less organic solvents 
and acid and hence would be cheaper and more environmentally sustainable. This study also 
analysed the stability of individual PHNQ pigments recovered from E. chloroticus spine during 
storage, both under natural light and in the dark. The results showed that although some 
degradation of PHNQs occurred upon exposure to light, based on PHNQ absorbance 
characteristics, excellent stability was found in the absence of light. Overall, this study of 
PHNQ pigments extracted from E. chloroticus shell and spine provides a detailed evaluation 
of process strategies to obtain PHNQ extracts, and an analysis of the light-stability of the 
PHNQ pigments.  
In Chapter 5, the antioxidant activity and antibacterial activity of PHNQs, obtained by 
macroporous resin are presented. In Chapter 6, the bioactivities of PHNQ extracted by organic 
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solvents are presented and compared with the biological activities of PHNQs extracted by 
macroporous resin presented in Chapter 5.  
4.5. Limitations  
The current study only used the static method (batch operation rather than in a column) to test 
the effect of macroporous resins on extraction of PHNQs and to find the resin with highest 
PHNQ extraction efficiency. In the future, dynamic adsorption and desorption tests could also 
be conducted to optimize the operation conditions to suit commercial conditions. In addition, 
further studies to examine the stability and metabolism of PHNQs in cell and animal models 
will be a great step toward understanding the potential benefits of these interesting compounds.  
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Chapter 5. In vitro antioxidant and anti-microbial 
activity of PHNQs extracted by macroporous resin 
from sea urchin E. chloroticus  
 
  
Aspects of this chapter have been published in LWT- Food Science and Technology:  
 
Hou, Y., Carne, A., McConnell, M., Mros, S., Bekhit, A. A., & Bekhit, A. E. D. A. (2020). 
Macroporous resin extraction of PHNQs from Evechinus chloroticus sea urchin and their in 




E. chloroticus has been exploited by commercial fisheries and is allowed to be commercially 
harvested in restricted areas around New Zealand (Barker, 2013). After extracting the roe from 
harvested sea urchins, the shells and spines are waste material. This waste can have a damaging 
effect on the environment and there is a need to utilize this material for sustainable management 
practice (Hou et al., 2016).  
Traditional extraction of PHNQ from sea urchin shell and spine involves the use of acidic 
solutions to dissolve the mineral structure of the shell and spine, and then extraction of the 
pigments from the acid solution with organic solvents, followed by further purification using 
chromatography techniques as described in chapter 2 section 5.6 (Hou et al., 2018; Kol'tsova 
and Krasovskaya, 2009; Powell et al., 2014; Vasileva et al., 2017). Organic solvents such as 
diethyl ether, chloroform, and ethyl acetate, either individually or in combination, have been 
used previously for the extraction of PHNQs (Hou et al., 2019; Powell et al., 2014; Vasileva et 
al., 2017; Vasileva et al., 2016).  
Natural pigment products have gained increasing popularity in recent decades because of their 
pharmacological activities, and some of them have been developed as drugs (Sarker et al., 
2006). However, the recovery of natural products from a wide variety of sources by 
conventional solvent extraction has many disadvantages including increasing production cost 
because of organic solvent use, and creation of environmental issues because of the toxic nature 
of organic solvents (Wang et al., 2006).  Organic solvent use on an industrial scale increases 
the risk of exposure of both personnel and the environment to the toxic compounds. In addition, 
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use of organic solvents to extract PHNQs complicates the use of PHNQs as antioxidants either 
in food products or for human health applications due to regulatory considerations. Hence, 
there is increasing interest in the development of simple, efficient and environmentally friendly 
methods for extraction of natural products. Extraction of compounds using macroporous resin 
is becoming recognised as an attractive method because of its high absorption capacity, low 
cost and ease of regeneration of the absorbent (Li and Chase, 2010). It has been used for 
refining sugars, absorption of gases, treatment of wastewater, and separation and enrichment 
of natural products with pharmacological activity (Li and Chase, 2012; Liu et al., 2019; Wang 
et al., 2019). Zhou and co-workers (Li et al., 2013; Zhou et al., 2011) evaluated the extraction 
of PHNQs from sea urchins Strongylocentrotus nudus, Glyptocidaris crenularis, and 
Strongylocentrotus intermedius using macroporous resin, as an alternative to the traditional 
extraction of PHNQs with organic solvents, and investigated the antioxidant activity of the 
PHNQ extracts. They found that NKA-9 was the best macroporous resin to extract PHNQ 
compounds from all these species of sea urchin. However, this conclusion was based on 
adsorption and desorption rate measured at 475 nm, rather than the HPLC profile.  In addition, 
antioxidant activity was investigated only for the NKA-9 resin extract and they did not compare 
the antioxidant activity of the NKA-9 resin extract with that of extracts from other macroporous 
resins or of solvent extracts of PHNQs (Li et al., 2013; Zhou et al., 2011).  
PHNQ pigments present in sea urchins are known as spinochromes and have been found in 
many species of sea urchins as summarized in a recent review (Hou et al., 2018). PHNQs have 
long been known to function as antioxidants (Berdyshev et al., 2007; Egorov et al., 1998; Zhou 
et al., 2011), and the antioxidant activity of PHNQs was found to be better than α-tocopherol, 
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a major dietary antioxidant found in supplements and the natural diet (Lebedev et al., 1999). 
PHNQs act as antioxidants and free radical scavengers by donating hydrogen atoms, in a 
similar way to that of other well-known polyphenolic antioxidants such as the catechins, 
quercetin, and gallic acid (Powell et al., 2014). There is increasing interest in antioxidants, 
especially natural sourced antioxidants, in relation to preventing the deleterious effects of free 
radicals in the human body and food products (Willcox et al., 2004). The use of sea urchin shell 
and spine PHNQ extracts, as a source of bioactive compounds would be one way to add value 
to the shell waste.  In addition, considering that quinonoid pigments are located in the shell of 
sea urchins, it seems logical that they may have evolved to be there for protection against 
various pathogens (Brasseur et al., 2017; Haug et al., 2002). Previous studies have 
demonstrated that crude sea urchin PHNQ extracts from other species and individual PHNQs 
exhibit anti-microbial, antiradical and anti-algal activities (Brasseur et al., 2017; Haug et al., 
2002; Wardlaw, 1984). 
While studies have been carried out on PHNQ from different species of sea urchins and their 
related bioactivities, a comparison of the bioactivities including antioxidant and antibacterial 
activities of sea urchin shell and spine extracts obtained by different macroporous resins has 
not yet been reported.  
The objectives of this present study were: 
• To assess the total phenol content in sea urchin shell and spine extracts extracted by 
different types of macroporous resin.  
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• To evaluate the antioxidant activities of different extracts obtained by different types of 
macroporous resin using the DPPH, ORAC, FRAP and ABTS antioxidant assays.  
• To evaluate the potential antibacterial activity of the extracts obtained by different types 
of macroporous resins by determining the Minimum Inhibitory Concentration (MIC) 
and Minimun Bactericidal Concentration (MBC).  






















Figure 5.1. Overview of the experimental plan for the research reported in this chapter. 
 
Antioxidant and antibacterial activities of PHNQ extracted by macroporous resins  























5.2. Materials and methods 
5.2.1. Chemicals and materials 
2,2-di(4-tertoctylphenyl)-1-picrylhydrazyl (DPPH) and 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Dimethyl sulfoxide (DMSO) was purchased from Fisher Scientific (Fisher 
Scientific, UK). 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ), fluorescein sodium salt, 2,2-
azinobis-(3-ethyl benzothiazoline-6-sulfonic acid) (ABTS), ferrous sulfate heptahydrate, 6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were from Sigma-Aldrich (St. 
Louis, MO, USA). 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH) was sourced from 
Cayman Chemicals (Michigan, USA). Ferric chloride hexahydrate was of AnalaR® grade, 
from BDH Chemicals Ltd. (Poole, England). Dimethyl sulfoxide (DMSO) was from Fisher 
Scientific (Fisher Scientific, UK). All of the other reagents were of the highest grade 
commercially available.  
Macroporous resins (NKA-9, D4020, D4006, and D101) were obtained from Cangzhou Bon 
Absorber Technology Co., Ltd (Cangzhou, China). 
5.2.2. Source of sea urchin shell and spine 
See details in section 4.2.2. in chapter 4. 
5.2.3. Extraction of PHNQ pigments using macroporous resins 
Four different types of macroporous resins (NKA-9, D4020, D4006, and D101) were used in 
this study as the performance (recovery rate = adsorption capacity × desorption capacity) of 
D4006, D4020, D101and NKA-9 was better than the additional types of resins investigated in 
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Chapter 4. The PHNQs were extracted by microporous resins as described in section 4.2.3 in 
chapter 4. After desorption, the methanol solution containing PHNQs was evaporated to 
dryness under reduced pressure in a rotary evaporator (Rotavapor-R, Büchi, Flawil, 
Switzerland) at 45°C in the dark. The PHNQ pigments were then re-dissolved in methanol at a 
concentration of 1 mg/mL for use as a stock solution for the antioxidant activity assays. 
Separate aliquots of dried PHNQ pigments were re-dissolved at 10 mg/mL in DMSO and used 
as a stock solution for antibacterial assays.  
5.2.4. Total polyphenol content of E. chloroticus shell and spine PHNQ 
extracts 
The total soluble polyphenol content (TPC) was determined with the Folin-Ciocalteau reagent 
using the method reported by Zhang et al. (2006). Briefly, 20 μL aliquots of PHNQ solution 
(1mg/mL for crude extracts and 0.1 mg/mL for HPLC sub-fractions) were mixed with 100 μL 
Folin-Ciocalteau reagent (10 times diluted with deionised water) in a 96-well microtitre plate 
and shaken for 5 min at room temperature in a Synergy-2 microplate reader fitted with a 
Gen5™ reader control. Then, 80 μL of 7.5% (w/v) Na2CO3 was added, mixed, and allowed to 
stand for 2 h at room temperature in the dark, before the absorbance of the reaction mixture 
was recorded at 600 nm using the plate reader. Gallic acid (10-100 µg/mL) was used as a 
standard. A standard curve (a representative example is shown in Figure 5.2) was prepared and 
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the TPC of the PHNQ extract was determined using this standard curve and expressed as mg 
gallic acid equivalent (GAE)/g PHNQ extract.    
 
Figure 5.2. Example of a gallic acid standard curve used for TPC calculation 
5.2.5. Analysis of antioxidant activity of E. chloroticus shell and spine 
PHNQ extracts  
5.2.5.1. Oxygen radical absorbance capacitance (ORAC) assay 
The ORAC assay was performed in a 96-well microtiter plate, in phosphate buffer, pH 7.4, at 
37℃ (Cao & Cutler, 1993). Peroxyl radical was generated using AAPH, which was prepared 
fresh for each assay. The net area under the curve of fluorescence decay for each sample was 
determined to enable calculation of the ORAC assay values. Fluorescence measurement was 
performed with excitation at 485 nm and emission at 520 nm. Trolox was used as a standard 
reference compound and the standard curve was linear between 10 and 100 mM Trolox. The 

























Gallic acid (µg/ml)  
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assay results were expressed as mM TE/g PHNQ extract. An example of the fluorescence decay 
is shown in Figure 5.3.  
The area under the curve (AUC) method was used for quantification of ORAC assays using 
the equation below:  
Equation 5.1 The area under the curve (AUC) for ORAC assay 









+ ⋯ + 0.5 × 𝑅𝑛/𝑅1 
where R1 is the fluorescence reading at the initiation of the reaction and Rn is the last 
measurement. The Net AUC was calculated by subtracting AUC (blank) from AUC 
(antioxidant) as shown in the following equation: 
Equation 5.2 The Net AUC for ORAC assay 
𝑁𝑒𝑡 𝐴𝑈𝐶 = 𝐴𝑈𝐶𝑠𝑎𝑚𝑝𝑙𝑒  − 𝐴𝑈𝐶𝑏𝑙𝑎𝑛𝑘 
Figure 5.3 shows that Trolox at increasing concentrations delays the decay of fluorescence. 
The net AUC of test samples was compared to a Trolox standard curve (Figure 5.4) to 




Figure 5.3. Fluorescence decay curves of fluorescein induced by AAPH in the presence 
of Trolox dissolved in pH 7.4 phosphate buffer. The area under the curve can be 
calculated for Trolox at different concentrations. 
 
 

























































5.2.5.2. ABTS scavenging activity assay 
The ABTS▪
＋
scavenging activity was determined according to the method of Arnao and Cano 
(2001). ABTS▪
＋
was produced by the reaction between 7 mM ABTS in water and 2.45 mM 
potassium persulfate, then stored in the dark at room temperature for 12 h. Before use, 2 mL 
ABTS▪
＋
solution was diluted to 70 mL with ethanol to achieve an absorbance of 1.07 at 734 
nm. Methanol was used as a control, while Trolox (31.25 mM-1000 mM) was used as an 
antioxidant standard for the calculation of the activity and a standard curve (Figure 5.5) was 
prepared. The ABTS value was expressed as mM TE/g PHNQ extract.  
 
Figure 5.5. Example of a Trolox standard curve used for ABTS assay calculation 
 




























5.2.5.3. DPPH radical scavenging activity assay 
DPPH radical scavenging activity was measured using the method of Brand-Williams et al. 
(1995). Briefly, 10 μL of PHNQ extract stock solution (1mg/mL) was mixed with 100 μL of 
0.2 mM DPPH in methanol in a 96-well microtitre plate. The plate was then incubated at 37℃ 
for 30 min in the dark. The absorbance was measured at 517 nm using a plate reader (Synergy-
2 microplate reader fitted with a Gen5™ reader control, BioTek Instruments, Winooski, VT, 
USA). The DPPH scavenging activity was calculated according to the following equation:  
Equation 5.3 DPPH scavenging activitiy (%) 
𝐷𝑃𝑃𝐻 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐴𝑏𝑙𝑎𝑛𝑘 − (𝐴𝑠𝑎𝑚𝑝𝑙𝑒  − 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
𝐴𝑏𝑙𝑎𝑛𝑘
× 100% 
Where A sample is the absorbance of the PHNQ sample, A blank is the absorbance of the negative 
control; A control is the absorbance of methanol and the PHNQ sample without DPPH. Trolox 
(31.25 mM-1000 mM) was used as a standard reference compound. The DPPH scavenging 
activity of test samples was compared to a Trolox standard curve (Figure 5.6) to determine the 
amount of Trolox equivalent and the results were expressed as mM Trolox Equivalent (TE)/g 




Figure 5.6. Example of Trolox standard curve used for DPPH calculation 
 
5.2.5.4. Ferric reducing antioxidant power (FRAP) assay 
Ferric reducing antioxidant power (FRAP) was measured as described by Benzie and Strain 
(1996). The FRAP reagent was prepared by mixing acetate buffer (300 mM, pH 3.6), 10 mM 
TPTZ in 40 mM HCl, and 20 mM FeCl3 · 6H2O in the ratio 10:1:1 (v/v/v). Briefly, an aliquot 
(10 μL) of PHNQ extract stock solution (1 mg/mL) was mixed with 190 μL FRAP reagent 
using a microtitre plate and the plate was incubated at 37℃ for 30 min in the dark. Then the 
absorbance was measured at 593 nm using a plate reader. A standard curve (Figure 5.7) was 
prepared and the FRAP value was expressed as mM TE/g PHNQ extract.   


































Figure 5.7. Example of a Trolox standard curve used for FRAP assay calculation 
5.2.6. Antibacterial activity of PHNQ extracts 
The antibacterial activity of the PHNQ extracts was determined by MIC assay using a broth 
micro dilution method. The MIC values of the extracts were taken as the concentration which 
resulted in no visible colour in wells treated with MTT, compared to the control (EUCAST, 
2000). Escherichia coli 9026 and Staphylococcus aureus ATCC 6538 were grown in Müeller–
Hinton broth (MHB). MIC values of the PHNQ extracts were determined in sterile 96-well 
microtitre plates. Two-fold dilutions of the anti-microbial test products PHNQs was prepared 
using MHB (concentrations at 10, 5, 2.5, 1.25, 0.625, 0.3125, 0.15625, 0.078, 0.039, 0.0195 
mg/mL). Antibiotic stock was made up and serial dilutions were prepared (for gentamicin, as 
an example, the concentration was 32, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 




























µg/mL). The microorganisms were prepared in PBS to match 0.5 McFarland Scale and then 
diluted 1:10 with PBS and used to inoculate each well with 5μL, except for the broth-only 
sterility control. Then the plate was incubated for 24 h in an incubator at 37°C. Then MTT was 
added to each well and the plate was incubated for another 10 min before reading the results. 
The lowest concentration at which there was no colour change was taken as the MIC. Then 
from each well, 10 µL was cultured on Müeller–Hinton agar medium and incubated for 24 h at 
37°C. The lowest concentration of the PHNQ extract with no colony formation was defined as 
the minimum bactericidal concentration (MBC). All measurements of MIC and MBC values 
were expressed in mg PHNQ extract per mL microbiological growth medium and were 
performed in triplicate, including controls consisting of the solvent DMSO (10%, v/v) that was 
used to dissolve the extracts, the MHB, and the bacterial strains. 
5.2.7. Statistical analysis 
The data were analysed using analysis of variance (ANOVA) using Minitab 17.0 Software 
(Minitab Pty Ltd., Sydney, Australia). The general linear model protocol was used to determine 
the effects of the extraction, macroporous resin, and the shell fraction (shell and spine), on the 
antioxidant and antibacterial activities. The antioxidant activity results are reported as means 
± standard error of the means (SEM). The significant differences among the means were 
determined using Tukey’s honesty test at p-value < 0.05. 
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5.3. Results and discussion  
5.3.1. Preparation of crude PHNQ extracts using macroporous resin 
Gradual addition of 3 M HCl to E. chloroticus shell and spine resulted in dark red acidic 
solutions (Figure 5.8 A). After adjusting the pH to 1.0, the macroporous resin was added 
directly to the acidic solution to absorb the PHNQs. The white macroporous resin beads (Figure 
5.8B), became yellow to orange due to the binding of the of pigments to the resin (Figure 5.8C 
and 5.8D), and the colour of the acid solution correspondingly decreased. After desorption with 
methanol, the solution containing the PHNQs was yellow-orange of various intensities (Figure 
5.8D and 5.8E), depending on both the types of macroporous resin and whether E. chloroticus 
shell or spine was used in the extraction process. The composition of the PHNQs in each crude 
extract was reported in an earlier study in chapter 4.   
 
Figure 5.8. Example of a macroporous resin extraction process involving the NKA-9 
resin and spine PHNQ extract. 
 
Kina spine 











After 3 h 
absorption 
After 1 h 
desorption by 
methanol 
B C A D E 
129 
 
5.3.2. Total polyphenolic content of PHNQs obtained by macroporous 
resin  
The total polyphenolic content (TPC) of the macroporous resin extracts was evaluated by the 
Folin-Ciocalteau method and the results are shown in Table 5.1. The D4006 extracted spine 
PHNQ pigments had the highest TPC (4.73±0.08 mg GAE/g extract) while the D101 and 
D4020 extracted shell PHNQ pigments had the lowest TPC (0.52±0.01 and 0.67±0.02 mg 
GAE/g extract, respectively) among the different treament groups (p < 0.05). Resin D4006 
showed the highest capacity to extract polyphenolic compounds while D101 and D4020 had 
less capacity to capture the polyphenolic compounds for both shell and spine samples (p < 
0.05). Overall, the TPC from E. chloroticus spine was higher than that obtained from shell (p 
< 0.05).  
It was speculated that these differences in TPC were the result of differences in composition 
and concentration of PHNQ compounds in the these extracts. The E. chloroticus spine extract 
processed on the D4006 resin contained eight PHNQ compounds with relatively higher peaks 
(Figure 5.9) compared to that obtained from other resins, while the shell extracts obtained from 
the D4020 resin contained very small amounts of spinochromes E and B, and echinochrome A, 
and the shell extracts processed on the D101 resin contained only a small amount of 
spinochrome B and echinochrome A (Figure 5.9). The TPC of the D4006 resin spine extract 
was more than that of that of the NKA-9 resin spine extract. It appears that the spinochrome E 
peak is higher and the spinochrome B peak is lower in the D4006 resin spine extract compared 
with NKA-9 resin spine extract (Figure 5.9). The more hydroxyl groups in spinochrome E (6-
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hydroxyl groups) are likely contributed more to the TPC compared to spinochrome B.  Powell 
et al. (2014) investigated the TPC from the shells of sea urchin Psammechinus miliaris and 
found that it had a TPC of around 700–1000 μg GAE/g DW material, which is much higher 
than the value found in the present study on E. chloroticus around 4 μg GAE/g DW material 
calculated based on the yield of 4mg/g DW material. 
Table 5.1. Antioxidant activity of crude PHNQ extracts obtained by processing on 
different macroporous resins* 
 Resin type Part ORAC  ABTS  DPPH  FRAP Yield ** TPC *** 
D4006 shell 1.96±0.07b 0.90±0.08a 0.63±0.04a 0.90±0.08a 1.33±0.01e 4.25±0.21ab 
 spine  2.12±0.04a 1.012±0.09a 0.69± 0.06a 1.01±0.08a 0.42±0.001g 4.73±0.08a 
NKA-9 shell 0.46±0.01e 0.27±0.02cd 0.02± 0.01c 0.27±0.01cd 7.45±0.36de 1.33±0.11d 
 spine 1.27±0.02c 0.90±0.10a 0.62±0.04a 0.90±0.10a 4.43±0.88de 4.03±0.40b 
D4020 shell 0.14±0.02f 0.11±  0.01de 0.02± 0.01c 0.11±0.01de 16.39±0.55b 0.67±0.02e 
 spine 0.59±0.02d 0.44±0.06bc 0.23± 0.05b 0.44±0.06bc 12.67±2.21c 1.83±0.06cd 
D101 shell 0.11±0.01f 0.08± 0.01e 0.02± 0.01c 0.08±0.01e 25.36±0.87a 0.52±0.01e 
 spine 0.58±0.03d 0.51±0.05b 0.21± 0.05b 0.51±0.04b 9.65±0.32cd 2.04±0.09c 
* * Each value is presented as mean ± SD (n = 3). Means within each column with different letters 
differ significantly (p < 0.05). Antioxidant results were expressed as mM Trolox Equivalent (TE)/g 
PHNQ extract. ORAC: Oxygen radical absorbance capacitance assay; ABTS: ABTS scavenging 
activity assay; DPPH: DPPH radical scavenging activity assay; FRAP: Ferric reducing antioxidant 
power assay.  
** Yield= dry weight of PHNQ extracts (g)/ dry weight of E. chloroticus spine powder (g) * 100% 











Figure 5.9. RP-HPLC profiles of PHNQ obtained using macroporous resins from E. 
chloroticus shell and spine. 












































































































5.3.3. Antioxidant activity of PHNQ crude extracts processed by 
macroporous resin  
Most of the previous studies on other species of sea urchin reported in the literature have 
analysed PHNQ extracts obtained by organic solvent extraction (Powell et al., 2014; Brasseur 
et al., 2017; Kuwahara et al., 2009). Macroporous resin processing has advantages such as 
relatively low cost, ease of regeneration of the absorbent and reduced use of organic solvents, 
which makes the extraction process more likely to find commercial interest. Therefore, to 
evaluate the antioxidant capacity profile of PHNQ extracts, several different antioxidant assays 
(DPPH, ABTS, ORAC, and FRAP) were used in the present study, as no single antioxidant 
assay will accurately reflect all of the antioxidant capability. The antioxidant properties of 
PHNQ pigment extracts obtained from E. chloroticus shell and spine by processing on various 
macroporous resins are presented in Table 5.1.  
Significant differences (p < 0.05) were observed among the various extracts, with the D4006 
resin extracted spine PHNQ pigments having the highest and the D101 resin extracted shell 
PHNQ pigments exhibiting the lowest antioxidant activity (p < 0.05). The lack of correlation 
between extract antioxidant activity and extract yield suggested that although higher extract 
yields were obtained on a dry weight basis using the D101 resin, the extracts obtained from the 
D4006 resin had a higher yield of antioxidant PHNQs, which is in agreement with the HPLC 
analysis shown in Figure 5.9. Apart from the spine extract obtained from the D4006 resin, some 
of the other extracts with better antioxiant properties included the spine extract obtained from 
the NKA-9 resin, and the shell extract obtained from the  D4006 resin, whereas shell extracts 
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obtained from the NKA-9, D4020 and D101 resins, and spine extracts obtained from the  
D4020 and D101 resins exhibited relatively lower antioxidant activity in all of the assays (p < 
0.05). The antioxidant activity of E. chloroticus spine extracts was generally found to be better 
than that of shell extracts for all the assays (p < 0.05). The antioxidant activties of PHNQ 
extracts obtained using different macroporous resins could be ranked as D4006 > NKA-9 > 
D4020 = D101 (p < 0.05). The non-polar macroporous resin D4006,  which was the best for 
extraction of PHNQs based on antioxidant activity,  has a medium surface area and relatively 
small pore diameter (Table 1 in appendix III). The D4006 resin has been used to decolorise 
polysaccharides extracted from blackcurrant fruits, indicating its ability to absorb pigment 
compounds (Duan et al., 2019; Xu et al., 2016). Li et al. (2013) showed that the polar resin 
NKA-9 was the best resin for extraction of PHNQs based on the recovery yield, whereas it was 
found to be the second best in the present study based on both HPLC profile and antioxidant 
activity.  
Spinochrome B contains 4 hydroxyl groups while spinochrome E has 6 hydroxyl groups. As 
discussed in the introduction section, hydroxyl groups can act as hydrogen atom donors. 
Therefore, it could be concluded that spinochrome E had higher antioxidant activity than 
spinochrome B (Li et al., 2013). According to the antioxidant results, the D4006 resin extracted 
spine PHNQ pigments exhibited antioxidant activities comparable to those obtained from the 
NKA-9 resin spine extract in terms of DPPH, ABTS and FRAP assays, but exhibited higher 
antioxidant activities than the NKA-9 resin spine extracts in the ORAC assay. Compared to the 
other antioxidant assays, the ORAC assay is more sensitive and depends on free radical damage 
to a fluorescent probe through the change in its fluorescence intensity. The ORAC assay is the 
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only assay so far that combines the total inhibition time and the percentage of the free radical 
damage by the antioxidant into a single quantity, ensuring that by the end of the process, all 
the antioxidant capacity in the sample has reacted with the radicals generated (Zulueta, Esteve, 
& Frígola, 2009). It is worth mentioning that from the HPLC profile (Figure 5.9 ), it appears 
that there was more spinochrome E but less spinochrome B in the D4006 resin spine extract 
according to the HPLC peak profile. This is consistent with the previous conclusion that 
spinochrome E possess higher antixidant activity than spinochrome B.  
The DPPH assay is based on the reduction of the DPPH free radical, which is relatively stable 
at room temperature. As the electron associated with the radical becomes paired off in the 
presence of a hydrogen donor contributed from an antioxidant, the purple color of the reagent 
changes to yellow (Roth and Stay, 1958). The DPPH assay has been widely used to investigate 
the antioxidant activity of natural product extracts (Villano et al., 2007; Wang et al., 2009). In 
addtion, it has been the most popular assay reported in the literature to assess the antioxidant 
activity of PHNQ extracts from a variety of sea urchin species (Kuwahara et al., 2009; Li et al., 
2013; Powell et al., 2014; Soleimani et al., 2016; Zhou et al., 2011). Zhou et al. (2011) showed 
that the DPPH scaveraging activity of PHNQ from S. nudus spine obtained by the NKA-9 resin 
was significantly less than that of vitamin C at low concentration but was similar to vitamin C 
at higher concentration. PHNQs extracted from G. crenularis and S. intermedius obtained by 
using the same macroporous resin, showed similar DPPH scaverging activity compared to 
PHNQs extracted from S. nudus (Li et al., 2013). The PHNQ 1 mg/mL stock of the D4006 
resin, that had the highest antioxidant activity in the present study, had DPPH scavenging 
activity comparable with that of 0.25 mg/mL Trolox.  
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A previous report suggested that β-hydroxyl groups in the 2nd, 3rd, and 7th positions of PHNQs 
play a key role in antioxidant activity, because echinochrome A loses its antioxidant activity 
when the 2-, 3- and 7- position hyroxyl groups are methoxylated (Lebedev et al., 2001). The 
DPPH radical abstracts a hydrogen atom from the hydroxyl group of a PHNQ to become a 
stable diamagnetic structure (Zhou, et al., 2011). On losing two hydrogen atoms consecutively, 
PHNQ may become a naphthosemiquinone as an intermediate product and then a 
naphthotetraketone as the final reaction product (Lebedev et al., 2001). PHNQ extracts have 
been reported to possess higher antioxidant activity than some other standard antioxidants such 
as butylated hydroxytoluene (BHT) (Soleimani et al., 2016) and α-tocopherol (Kuwahara et al., 
2009). It should be mentioned that all of these PHNQ extracts were extracted by organic 
solvents. In the current study, the DPPH scaveging activity of PHNQ extracts were found to be 
less than that of standard Trolox (P < 0.05), indicating the antioxidant activity of PHNQ extract 
obtained by macroporous resin is weaker than that obtained by organic solvent extraction. 
Investigation of the antioxidant activity of PHNQs extracted with organic solvents from E. 
chloroticus shell and spine is useful for comparison with the antioxidant acitivites of PHNQs 
extracted by macroporous resin, and also for comparison with PHNQs from other species 
extracted by solvents that will be discussed in the following chapter (Chapter 6).  
The correlation analysis of antioxidant activities and TPC content in the present study showed 
significant positive correlations for the tested assays, with the FRAP assay results having the 
highest correlation coefficient (R2= 0.986). Other assays also showed positive correlations with 
each other and with the TPC content (ABTS R2=0.993, ORAC R2=0.967, DPPH R2=0.983, 
FRAP R2=0.986). Different responses to the various assays are reported for plant extracts and 
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it is thought to be due to the different antioxidant mechanisms, and differences in the assays 
used (Petropoulos et al., 2018). The similar trends obtained for these different antioxidant 
assays indicated consistency of the results.  
5.3.4. Minimum Inhibition Concentration (MIC) of PHNQs extracted by 
macroporous resin 
Shell and spine extracts that were obtained using each of the four different macroporous resins 
were tested for their anti-microbial effects on two bacterial strains, E. coli and S. aureus, and 
the MIC and minimum bactericidal concentration (MBC) data are presented in Table 5.2. 
Although all crude PHNQ extracts exhibited detectable antibacterial activity against both E. 
coli and S. aureus, it was very low compared to that of the control antibiotics (p < 0.05).  
Service and Wardlaw (1984) were the first to show that echinochrome A  at 50 μg/mL exhibited 
antibacterial activity towards both marine gram-negative and gram-positive bacterial strains in 
the presence of mamalian proteins, and they also found that echinochrome A was a major factor 
in the antibacterial activity of sea urchin coelomic fluid. This result was consistent with a more 
recent study by Brasseur et al. (2017) in which it was found that the antibacterial activity of 
PHNQs from Diadema savignyi, against Cobetia marina, was due to a synergistic effect 
between echinochrome A and compounds, other than other PHNQs. This conclusion was 
reached because crude extracts of Diadema savignyi, which contained echinochrome A, 
exhibited substantial antibacterial activity against all tested bacterial strains, while 
echinochrome A fraction alone, obtained by HPLC did not have any antibacterial activity 
against C. marina.   
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Extracts of E. chloroticus shell and spine processed on the D4006 resin exhibited better 
antibacterial acitivity than the extracts obatained by other resins, consistent with the antioxidant 
activites. The better antibacterial activity of the D4006 resin obtained extracts might be due to 
the higher yield of PHNQs in these extracts compared with other extracts (Figure 5.9). There 
were higher levels of spinochromes E, B and A in the D4006 resin spine extract, while the 
amount of echinochrome A for both the D 4006 resin spine and shell extracts is similar (Figure 
5.9), but the antibacterial activity of the D4006 resin shell and spine extracts against E. coli and 
S. aureus are the same. It can be concluded that spinochromes (other than echinochrome A) 
may not possess much antibacterial activity compared to that of echinochrome A. As the low 
yield of extracts makes it difficult to obtain large amount of individual pigment samples, the 
highest concentration used in this assay was 10 mg/mL. It should be noting that the effective 
inhibitory concentrations for antibacterial activity were quite high and this concentration makes 
it impossible to comercialize the compounds as antibacterial agent. However, the extract used 
in the assay was crude extact without purification or seperation. It is worth to explore the MIC 
or MBC of the seperated PHNQ compounds to see whether their activity could be improved. 
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Table 5.2. In vitro antibacterial activity of PHNQ extracts (mg/mL) * 
Extracts  E. coli (MIC) E. coli (MBC) S. aureus (MIC) S. aureus (MBC) 
D4020 shell 10 >10 10 >10 
D4020 spine 10 10 10 10 
D101 shell 10 >10 10 >10 
D101 spine 10 10 10 10 
NKA-9 shell 10 10 10 10 
NKA-9 spine 5 10 10 5 
D4060 shell 5 5 2.5 10 
D4060 spine 5 5 2.5 >10 
Gentamicin  4 µg/mL 8 µg/mL 2 µg/mL 4 µg/mL 
* Data obtained from three independent experiments. 
 
5.4. Conclusions 
This study investigated the antioxidant and antibacterial activities of PHNQ compounds 
extracted from E. chloroticus shell and spine using 4 different macroporous resins. PHNQ 
extracts exhibited antioxidant activity and weak antibacterial activity against E. coli and S. 
aureus. The results obtained indicates that other non-PHNQ compounds were present in the 
higher yield groups such as D101 and D4020 extracts. In addtion, the results indicate the 
potential of E. chloroticus PHNQ extracts for utilisation as natural bioactives. The bioactivity 
of PHNQs extracted with organic solvents should be further studied and compared with PHNQs 
extracted using macroporous resins. 
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Chapter 6. In vitro antioxidant and anti-microbial 
activities, and in vivo anti-inflammatory activity of 
crude and fractionated PHNQs from sea urchin (E. 
chloroticus) 
 
Aspects of this chapter have been published in the following paper:  
Hou, Y., Carne, A., McConnell, M., Bekhit, A. A., Mros, S., Amagase, K., & Bekhit, A. E. D. 
A. (2020). In vitro antioxidant and antimicrobial activities, and in vivo anti-inflammatory 
activity of crude and fractionated PHNQs from sea urchin (Evechinus chloroticus). Food 
Chemistry, 126339.  
The animal trial in this section was conducted by Professor Adnan A. Bekhit in Alexandria 
University (Egypt) because the author did not have access to facilities and expertise within the 



















Many sea urchin species are harvested for their gonads as they are highly prized as a food. 
Evechinus chloroticus is a sea urchin species, locally known as kina, that is endemic to New 
Zealand. E. chloroticus roe is considered a local delicacy and has potential for export to other 
countries, including Japan and China. Harvesting E. chloroticus roe generates a considerable 
amount of shell waste that can contribute to environmental issues such as localised 
concentrations of minerals and heavy metals in landfills, as well as generation of off odours 
(Hou et al., 2016). Implementation of strategies that utilise E. chloroticus shell and spine to 
generate products that add-value would be beneficial for the industry and a better utilisation of 
resources, as well as reducing the negative impact on the environment resulting from dumping 
of the shells. 
Sea urchin shell and spine contain various polyhydroxyl-1,4-naphthoquinone (PHNQ) 
pigments, including echinochrome A and the spinochromes A-E, that are classified according 
to their chemical structures (Hou et al., 2018). PHNQs comprise a benzenoid moiety and a 
quinonoid fragment and they can be considered polyphenols and also as hydroxyl-substituted 
p-quinones (Berdyshev et al., 2007). Polyphenols are a well-known class of compounds 
exhibiting antioxidant and antiradical activities (Scalbert, Johnson, & Saltmarsh, 2005). 
PHNQs act as antioxidants (Berdyshev, Glazunov, & Novikov, 2007; Li et al., 2013; Zhou et 
al., 2011) by donating hydrogen atoms, in a similar manner to that of other polyphenols (Powell 
et al., 2014). Free radicals are potentially capable of abstracting hydrogen atoms from hydroxyl 
groups of PHNQ pigments to become stable diamagnetic structures. The antioxidant activity 
141 
 
of PHNQ pigments is better than that of α-tocopherol, which is a major dietary antioxidant 
found in supplements and the diet (Lebedev et al., 2001). There is an increasing interest in 
antioxidants, especially natural antioxidants, in relation to preventing the deleterious effects of 
free radicals in the human body and in food products (Willcox, Ash, & Catignani, 2004).  
Considering that quinonoid pigments are located in the shell of sea urchins, they may have 
evolved to be there for protection against pathogens (Brasseur et al., 2017; Haug, Kjuul, 
Styrvold, Sandsdalen, Olsen, & Stensvåg, 2002). Previous studies have demonstrated that 
crude sea urchin PHNQ extracts and individual PHNQs exhibit anti-microbial, anti-radical and 
anti-algal activities (Brasseur et al., 2017; Haug et al., 2002). However, the inhibition 
mechanism(s) is still not well understood.  
The process for extracting PHNQs from E. chloroticus shell must be considered as it can affect 
the composition of extracted PHNQs (Vasileva et al., 2017) and subsequent bioactivities that 
are present. The PHNQ extraction process includes steps such as washing and drying of sea 
urchin shells and spines, grinding and then treatment of the ground material with an acid 
solution to solubilise the powder and release the PHNQ pigments, and then extraction of the 
PHNQ pigments with organic solvents (Hou et al., 2018; Hou et al., 2019). In the present study, 
PHNQ extracts of shell and spine were obtained using four different organic solvents, and the 
antioxidant activity of these extracts was determined. In addition, the anti-microbial activity of 
both the crude and high performance liquid chromatography (HPLC) fractionated PHNQ 
extracts was evaluated using a well-diffusion method with determination of the Minimum 
Inhibitory Concentration (MIC) for the PHNQ extracts. In addition, the morphological changes 
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in S. aureus after treatment with PHNQ extracts were evaluated by transmission electron 
microscopy (TEM) to investigate the mode of anti-microbial action. The anti-inflammatory 
activity of the extracts was also evaluated in vivo using a cotton pellet-induced granuloma 
bioassay in rats (Bekhit et al., 2018), followed by a molecular docking study of some PHNQ 
compounds.  
In silico virtual screening is a direct and rational drug discovery approach compared with the 
time-consuming and expensive experimental techniques of high-throughput screening (Berry 
et al., 2015). Virtual screening can be sub-divided into ligand-based and structure-based 
methods. Molecular docking is the most common method when the structural information is 
available for targets (Meng et al., 2011). The molecular docking approach can characterize the 
behaviour of small molecules in the binding site of target proteins as well as elucidating 
fundamental biochemical processes (McConkey, et al., 2002). The molecular docking study 
provided a quick and accessible way to rationalize the anti-inflammatory activity of PHNQ 
compounds.   
The overall aim of the research presented in the present chapter was to evaluate the bioactivities 
(in vitro antioxidant and anti-microbial activities, and in vivo anti-inflammatory activity) of 
crude PHNQ extracts obtained by different extraction organic solvents and of fractionated 
PHNQs obtained by HPLC. In order to achieve these aims, PHNQ extracts of shell and spine 
obtained using different organic solvents, and the sub-fractions obtained by HPLC separation, 
were evaluated for their antioxidant activities using DPPH·, ABTS·, ORAC and FRAP 
antioxidant assays to examine the effects of extraction solvent on the activity, and find the 
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HPLC fraction with the highest activity. In addition, the anti-microbial activity of the PHNQ 
extracts against E. coli 9026, S. mutans UA159, S. aureus ATCC 6538, and Candida albicans 
was evaluated using a MIC method. Morphological changes in S. aureus after treatment with 
PHNQ spine extract obtained by ethyl acetate were also evaluated by TEM to investigate the 
mode of anti-microbial action. The anti-inflammatory activity of this ethyl acetate spine extract 
was evaluated in vivo using a cotton pellet-induced granuloma bioassay in rats. Molecular 
modelling investigation was conducted to rationalize the in vivo anti-inflammatory results, and 
to aid understanding of the various interactions between the ligand and enzyme active site. The 


















                                                     
                                                        
 





Figure 6.1. Overview of experiments and data presented in chapter 6 
1 Ethyl acetate extract obtained after prior extraction with chloroform. 
2 Ethyl acetate extract. 
3 Chloroform extract. 
4 Diethyl ether extract.   
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6.2. Materials and methods 
6.2.1. Chemicals and materials 
See details in section 5.2.1. in chapter 5. 
6.2.2. Source of sea urchin shell and spine 
See details in section 4.2.2. in chapter 4. 
6.2.3. Extraction of PHNQ pigments from E. chloroticus shell and spine 
using different organic solvents 
See extraction details in section 4.2.4 in chapter 4. After extraction, the PHNQ pigments were 
then re-dissolved in methanol at a concentration of 1 mg/mL for use as a stock solution for the 
antioxidant activity assays. Separate aliquots of dried PHNQ pigments were re-dissolved at 10 
mg/mL in either methanol or DMSO and used as a stock solution for either the antioxidant 
assays or the cell based bioactivity assays.  
6.2.4. Fractionation of E. chloroticus shell and spine crude PHNQ 
extracts by HPLC 
As the EA spine extract contained the most comprehensive and highly abundant range of 
PHNQs, and possessed relatively high antioxidant activity (Hou et al., 2019), this extract was 
used for the HPLC fractionation of the PHNQs and the HPLC fractions obtained were then 
used for the antioxidant and anti-microbial assays. The HPLC fractionation of PHNQs was 
conducted according to the method of Kuwahara et al. (2009). Prior to HPLC fractionation, 
aliquots of the PHNQ extract stocks in methanol (50 mg/mL) were filtered through a 0.2 µm 
PTFE filter (Axiva Sichem Pvt. Ltd, India). Aliquots of the PHNQ solution were injected 
automatically (100 µL) onto a reversed-phase column (C18 Luna 250 × 4.6 mm, 5 μM particle 
size, 100 A˚ pore size, Phenomenex, USA) on a Gilson HPLC consisting of 321 pump module, 
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156 UV-vis detector and 215 liquid handler. The eluted compounds were monitored at 340 nm 
and 520 nm. The elution buffer details could refer to section 3.2.6 in chapter 3. The major 
PHNQ components eluted between 10 and 40 min and 0.5 mL fractions were collected. 
Eight PHNQ peaks were obtained and collected in fractions from multiple HPLC runs 
conducted with the EA spine crude extract (a typical HPLC chromatogram of EA spine extract 
is presented in Figure 6.3 A).  Pooled fractions corresponding to the eight PHNQ peaks 
obtained from HPLC of extracts of the E. chloroticus spine powder were evaporated to dryness 
using a Speed Vac (Savant, USA), then weighed, and an aliquot re-chromatographed under the 
same HPLC conditions described previously. The four more highly abundant of the eight 
PHNQ peaks that were obtained in sufficient quantity from HPLC were tested in each of the 
antioxidant and anti-microbial assays. 
6.2.5. Total polyphenol content of E. chloroticus shell and spine PHNQ 
extracts 
Total soluble phenol content (TPC) was determined using the Folin-Ciocalteau reagent using 
the method reported by Zhang et al. (2006). The TPC of the PHNQ stock solution was 
expressed as mg gallic acid equivalent (GAE)/g PHNQ extract. Please refer to the details 
presented in Chapter 5 section 5.2.4.   
6.2.6. Analysis of antioxidant activity of E. chloroticus shell and spine 
PHNQ extracts  
DPPH and ABTS▪
＋
 scavenging ability, oxygen radical antioxidant capacity (ORAC) and ferric 
reducing antioxidant power (FRAP) were determined as described in section 5.2.5 (chapter 5).  
Trolox (31.25 mM-1000 mM) was used as a standard reference compound, and the results were 
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expressed as mM Trolox equivalent (TE)/g PHNQ extract. Please refer to the details presented 
in chapter 5 section 5.2.5.  
6.2.7. Anti-microbial activity of PHNQ extracts 
6.2.7.1 Anti-microbial activity of E. chloroticus shell and spine PHNQ extracts using 
well-diffusion method  
Anti-microbial activities of PHNQ extracts obtained using different organic solvent extractions 
were assessed by a well-diffusion method (Balouiri, Sadiki, & Ibnsouda, 2016). E. coli 9026, 
S. mutans UA159 and S. aureus ATCC 6538 were cultured on trypticase soy agar (TSA) for 
24 h at 37℃. C. albicans was cultured on Sabouraud dextrose agar (SDA) for 24 h at 37°C to 
produce confluent lawns. Aliquots of the organic solvent extracts, after drying, were re-
dissolved in 10% (v/v) DMSO at two concentrations, 1 mg/mL and 10 mg/mL. The dissolved 
extracts were transferred into 7 mm diameter wells cut in the agar in Petri dishes and incubated 
at 37°C for 16-18 h for E. coli and S. aureus, and 48 h for S. mutans and C. albicans. The anti-
microbial activities were determined by measuring the diameter of the inhibitory zone. 
Gentamicin (32 μg/mL) and amphotericin B (0.25 mg/mL) were used as positive controls for 
bacteria and fungi, respectively. DMSO (10%, v/v) was tested as a control to determine whether 
there was an artefact effect on the bacterial confluent lawns on the agar plates.  
6.2.7.2. MIC and MBC of PHNQ extract anti-microbial activity 
Please refer to the details presented in chapter 5 section 5.2.6.  
6.2.7.3. Effect of E. chloroticus spine crude PHNQ extracts on the growth rate of 
bacteria 
E. coli and S. aureus were grown overnight on trypticase soy agar (TSA) plates in an incubator 
at 37C. Colonies were then suspended in PBS to achieve a 0.5 McFarland standard. The 
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culture was then diluted 10-fold before 10 μL of a bacterial culture suspension was added to a 
microtitre plate well containing 50 μL of MHB and 50 μL of crude PHNQ extract at different 
concentrations. Gentamicin at 4 μg/mL and 2 μg/mL was used as antibacterial agent standards 
for E. coli and S. aureus, respectively. Microbial growth kinetics were recorded on a Synergy-
2 microplate reader driven by a Gen5™ reader control and data analysis software. The 96-well 
microplates were incubated at 37℃ for 24 h. Turbidity was measured every 30 min at 600 nm 
and the microplates were shaken for 10 s prior to each measurement to achieve homogeneous 
suspensions (Bah, Bekhit, Carne, & McConnell, 2016). 
6.2.7.4. Investigation of morphology changes by TEM of S. aureus treated with PHNQ 
extract 
S. aureus was prepared in MHB for TEM. Based on a previously determined growth curve 
(Figure 6.4 B), S. aureus was grown in MHB for 6 h as a negative control, and in MHB plus 
PHNQ extract at a concentration of 0.156 mg/mL for 16 h as the test sample (at an osmotic 
strength of 293 mOsmol/kg, and pH 7.3). S. aureus cells treated with EA spine extract were 
centrifuged at 1,500 × g for 5 min to pellet the cells, and then fixed with 2.5% (v/v) 
glutaraldehyde in 0.15 mM sodium cacodylate on a rotator at room temperature for 2 h, 
followed by washing the cells three times with 0.15 M sodium cacodylate. The cells were then 
post-fixed in 1% OsO4 in 0.15 M sodium cacodylate for 2 h at room temperature, and then 
washed in the sodium cacodylate buffer three times as described above. After dehydration 
using a series of ethanol washes of increasing concentration (10 minutes each of 50%, 75%, 
95%, followed by two washes of 100% (v/v) EtOH), the cells were infiltrated with Epon 812 
epoxy resin. The pellets were transferred to BEEM capsules, filled with fresh resin, capped and 
cured for 48 h at 60°C. After that, the set resin was sectioned at 80 nm thickness onto formvar, 
post stained with uranyl acetate and lead citrate and viewed on a Philips CM100 BioTWIN 
transmission electron microscope fitted with a LaB6 emitter (Philips/FEI Corporation, 
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Eindhoven, Holland), and a MegaView lll digital camera (Olympus Soft Imaging Solutions 
GmbH, Münster, Germany). 
6.2.8. Anti-inflammatory activity of PHNQs 
6.2.8.1. Cotton pellet-induced granuloma bioassay 
The anti-inflammatory activity of the PHNQ extracts was evaluated by applying a cotton pellet-
induced granuloma bioassay in adult male Sprague-Dawley rats, with use of indomethacin and 
celecoxib as reference standards (Bekhit et al., 2018). The animal trial in this section was 
conducted by Professor Adnan A. Bekhit in Alexandria University (Egypt) because the author 
did not have access to facilities and expertise within the University of Otago. The crude PHNQ 
extract by ethyl acetate from E. chloroticus used in this section was provided by the author. 
The ethyl acetate from E. chloroticus spine extract was used as this gave the highest antioxidant 
activity amongst all crude extracts. The separated PHNQ from HPLC fractions exhibited higher 
antioxidant activity compared to the crude extract, but the amount of the subfractions was not 
enough for the in vivo study. Animal ethics approval was obtained from the Animal Care and 
Use Committee (ACUC), Alexandria University (ACUC Project Number: ACUC17/18, 
29/04/2017). The median effective dose causing an effect in 50% of the test rats (ED50) value 
for PHNQ extracts and standards was expressed as the mean ± standard deviation (SD). A total 
of 78 adult male Sprague-Dawley rats (120-140 g, n=6 for each treatment group) were obtained 
from the Medical Research Institute, Alexandria University, Egypt. The treatment groups were 
1) control group; 2) indomethacin (4 groups tested at 1.0, 2.0, 3.0 and 4.0 mg); 3) celecoxib (4 
groups tested at 2.0, 4.0, 6.0 and 8.0 mg; and 4) PHNQ extract (4 groups tested at 2.0, 5.0, 8.0 
and 11 mg). Cotton pellets (35±1 mg) cut from dental rolls were impregnated with 0.2 mL 
(containing 2.0, 5.0, 8.0 and 11 mg) of a solution of the PHNQ extract in ethanol, and the 
solvent was allowed to evaporate. Each cotton pellet was subsequently injected with 0.2 mL of 
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an aqueous solution of antibiotics (penicillin G and dihydrostreptomycin, 1.0 mg/mL and 1.3 
mg/mL, respectively). Two pellets were implanted subcutaneously, one in each axilla of the 
rat, under mild general anaesthesia. One group of the animals received the standard reference 
indomethacin and the antibiotics at the same level. Pellets containing only the antibiotics were 
similarly implanted in the control rats.   
Seven days later, the animals were sacrificed and the two cotton pellets in each rat, with 
adhering granulomas, were removed, dried for 48 h at 60°C and weighed. The difference 
between the initial and final weight was taken as the weight of the granuloma. This was 
calculated for each group, and the percentage difference in dry weight of granuloma compared 
to control value was also calculated. The ED50 values were determined through dose-response 
curves using doses of 2, 5, 8 and 11 mg for both PHNQ extracts and standards (indomethacin 
and celecoxib) for each test extract and standard references. 
6.2.8.2. Docking studies with human COX-2 
Molecular docking studies of the PHNQ compounds spinochrome A, spinochrome B, 
spinochrome C, and another two dimer PHNQ compounds and their derivatives (Figure 6.2), 
and celecoxib, were performed using the Molecular Operating Environment (MOE-Dock 2006) 
module (module Molecular Operating Environment (MOE) version Chemical Computing 
Group, Inc, Montréal, Canada (2006–08)) (Bekhit. et al., 2018). This section was done by 
Professor Adnan A. Bekhit in Alexandria University (Egypt) because of the availability of the 
operation module and the established method. The coordinate from the X-ray crystal 
structure of human COX-2 used in this simulation was obtained from the Protein Data Bank 
(PDB ID: 1CX2) and was used directly from a previous study (Bekhit. et al., 2010). The PHNQ 
compounds were built by MOE and were energy minimized. The active site of COX-2 was 
generated using the MOE-Alpha Site Finder, and ligands were docked within the active site 
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using MOE. The lowest energy conformation was selected and the ligand interactions 
(hydrogen bonding and hydrophobic interaction) with COX-2 were determined.  
The determination of the co-crystal structure of COX-2 complex with a selective inhibitor, SC-
558 (Figure 6.2, sturcture 5) has led to the development of a model for the topography of the 
binding site in human COX-2. The docking study of PHNQ compounds were performed using 




Figure 6.2. PHNQ compound structures used for docking studies 
1. Mirabiquinone. 2. Anhydro derivative of ethylidene-3,30-bis (2,6,7-trihydroxynaphthazarin. 3. 





6.2.9. Statistical analysis 
The data were analysed using analysis of variance (ANOVA) using Minitab 17.0 Software 
(Minitab Pty Ltd., Sydney, Australia). The general linear model protocol was used to determine 
the effects of the extraction solvent and the shell fraction (shell and spine) on the antioxidant 
and anti-microbial activities. Similarly, the analysis was carried out on the PHNQ fractions 
obtained from the HPLC fractionation. The results are reported as means ± standard error of 
the means (SEM). The significant differences among the means were determined using Tukey’s 
honesty test at p-value <0.05. 
6.3. Results and discussion  
6.3.1. Preparation of E. chloroticus shell and spine crude PHNQ extracts 
and HPLC sub-fractions 
The extraction procedure produced yellow-orange-red crude PHNQ extracts of various 
intensities, depending on both the extraction method and whether E. chloroticus shell or spine 
was extracted. Eight peaks were obtained by HPLC from the spine samples extracted with ethyl 
acetate (Figure 6.3 A). Peaks 1, 3, 4, 5 and 6 were putatively identified as spinochrome E, 
spinochrome B, spinochrome C, echinochrome A and spinochrome A, respectively. Peaks 2, 7 
and 8 were identified to contain aminonaphthoquinone, spinamine E, and echinamines A and 
B, respectively (Hou et al., 2019).
To prepare sufficient quantities of the major HPLC peaks (1, 3, 5, and 6) for further study of 
these individual PHNQ fractions, 23 aliquots of crude PHNQ extract were fractionated by 
HPLC (7 aliquots of crude PHNQ extract for replicate 1, 7 aliquots of crude PHNQ extract for 
replicate 2, and 9 aliquots of crude PHNQ extract for replicate 3). This, for example, generated 
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0.82, 0.84, and 0.9 mg of spinochrome E, respectively, in the pooled fractions of each replicate 
that was present in peak 1 of the HPLC chromatograms. This provided sufficient quantities of 
individual PHNQ material (of fractions 1, 3, 5, and 6) for the antioxidant assays. Aliquots of 
the major HPLC sub-fractions (fractions 1, 3, 5, and 6), after pooling from the 23 HPLC runs, 
were checked by re-chromatography on HPLC (Figure 6.3 B, C, D, and E, respectively). The 
minor HPLC peaks 2, 4, 7, and 8 were not analysed further due to insufficient quantities 
generated from the HPLC fractionation. In addition, for the fractions corresponding to the 
minor peaks, fraction 2, fraction 7 and fraction 8 were identified as aminated PHNQs by mass 
spectrometry (MS) in our previous study (Hou et al., 2019), and were found to be relatively 
unstable under light (Hou et al., 2019). Therefore, the antioxidant and anti-microbial activity 
tests were only performed on the four most abundant fractions (1, 3, 5, and 6), which contained 
enough material for study. 
Brasseur et al. (2017) used reversed phase chromatography to fractionate the PHNQs in 
Echinometra mathaei crude extract. In their study, 4 fractions corresponding to spinochrome 
E, spinochrome B, spinochrome A and a mixture of echinochrome A (75%) and spinochrome 
C (25%) were obtained. In their study, echinochrome A co-eluted with spinochrome C while 
in the present study echinochrome A and spinochrome C were well separated, but 
echinochrome A co-eluted with spinochrome A. The difference in the elution pattern may be 
due to differences in HPLC conditions used for the fractionation. Vasileva et al. (2017) also 
used HPLC to fractionate a crude PHNQ extract obtained from Strongylocentrotus pallidus 
and Strongylocentrotus nudus, using a Toyopearl HW-40 column, and the fractions obtained 
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Figure 6.3. HPLC profiles of E. chloroticus PHNQ extracts. 
 (A) Representative HPLC profile of crude extract from E. chloroticus spine extracted with ethyl 




















6.3.2. Total polyphenolic content of the E. chloroticus shell and spine 
PHNQ extracts 
The TPC of the extracts was evaluated by the Folin-Ciocalteau method and the results are 
presented in Table 6.1. Among the crude extracts, the EA spine extract had the highest 
polyphenolic content of 21.08±0.79 mg GAE/g extract. This was significantly higher than the 
D4060 shell extract (4.73±0.08 mg GAE/g extract, Chapter 5), which contained the highest 
TPC compared to other extracts obtained by the macroporous resin method. This is in 
agreement with the HPLC profiles of EA spine extract and D4060 shell extract, where the EA 
spine extract contained a higher concentration of PHNQ compared to D 4060 shell extract 
according to the HPLC profile (Chapter 4, Figure 4.9). For the HPLC fractions analysed in the 
present study, the TPC of fraction 1 that contained mainly spinochrome E was 86.76±12.63 mg 
GAE/g PHNQ extract, which is the highest among all the treatment groups. 
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Table 6.1. Antioxidant activities of crude PHNQ extracts obtained from E. chloroticus 
shell and spine using different solvents and sub-fractions obtained by HPLC * 
Part  Solvent ORAC  ABTS  DPPH  FRAP Yield ** TPC *** 
Crude extracts  
shell EACF1 5.50±0.71e 6.61±0.23bc 1.90±0.10d 2.61±0.36d 1.00±0.25d 9.33±0.71d 
spine EACF 12.68±0.10a 9.70±0.65a 3.17±0.32c 4.34±0.63bc 1.47±0.33cd 14.81±0.32b 
shell EA2 8.25±0.56c 9.74±0.04a 4.13±0.02b 4.60±0.31bc 2.83±0.83ab 13.54±0.06b 
spine EA 9.08±0.79bc 10.29±0.02a 5.31±0.06a 7.09±0.49a 3.69 ±0.23a 21.08±0.79a 
shell CF3 6.57±0.72de 3.05±0.32d 1.79±0.02d 1.06±0.06e 1.41± 0.06d 5.33±0.04e 
spine CF 6.68±1.09de 5.81±0.39c 2.06±0.17d 2.73±0.03d 0.71±0.01cd 9.17±0.49d 
shell DE4 7.63±0.10cd 7.45±0.39b 3.29±0.02c 3.55±0.17cd 2.09±0.20bc 11.68±0.69c 
spine DE 10.46±0.06b 9.70±0.37a 4.41±0.12b 4.87±0.67b 0.78± 0.01d 14.45±0.81b 
Sub-fractions obtained by HPLC  
Fraction 1 11.26±1.95a 12.46±1.06a 10.52±1.40a 12.88±1.73a NA 86.76±12.63a 
Fraction 3 11.21±1.87a 4.42±0.40c 2.25±0.43c 4.92±0.87c NA 45.60±7.56b 
Fraction 5 5.41±0.58b 7.63±0.85b 4.99±0.83bc 7.93±1.66bc NA 58.87±8.48ab 
Fraction 6 7.00±0.37b 8.07±0.82b 6.12±1.68b 11.25±1.39ab NA 78.59±15.38a 
* Each value is presented as mean ± SD (n = 3). Means within each column with different letters differ significantly (p < 
0.05). Antioxidant results were expressed as mM Trolox equivalent (TE)/g PHNQ extract.  
** Yield= dry weight of PHNQ extracts (g)/ dry weight of E. chloroticus shell or spine powder (g) * 100%  
*** Total polyphenolic content: mg GAE/g PHNQ extract  
1 Ethyl acetate extract obtained after prior extraction with chloroform. 
2 Ethyl acetate extract. 
3 Chloroform extract. 





6.3.3. Antioxidant activity of PHNQ crude extracts and sub-fractions 
Most of the previous studies on other species of sea urchin reported in the literature analysed 
only crude extracts, and did not investigate different extraction solvents, or compare shell 
verses spine extracts. The present study investigated the antioxidant activity of 
chromatographic sub-fractions obtained from crude extracts of both shell and spine to obtain 
more informative data. However, it is likely that crude extracts will attract more commercial 
interest as the yield is better and they involve less processing. The antioxidant properties of 
crude PHNQ pigment extracts obtained by various solvent extractions from E. chloroticus shell 
and spine are presented in Table 6.1. Significant differences (p < 0.05) were observed among 
the various extracts, with spine EA having the highest and shell CF having the lowest 
antioxidant activity.  Apart from spine EA, other crude extracts with significant antioxidant 
properties included spine DE, EACF and shell EA, whereas shell EACF and spine CF exhibited 
relatively lower antioxidant activity for all of the assays (p < 0.05). The antioxidant activity of 
E. chloroticus spine extracts was generally found to be better than that of E. chloroticus shell 
extracts for all of the assays (p < 0.05). For the DPPH, FRAP and ABTS assays, the antioxidant 
activity of PHNQ crude extracts obtained using different organic solvents could be ranked as 
EA > DE > EACF > CF. For the ORAC assay, the PHNQ extracts obtained with the solvents 
EA, DE and EACF had similar antioxidant activity while the PHNQ extract obtained with CF 
solvent had a relatively lower antioxidant activity (p < 0.05). PHNQ extracts prepared by 
organic solvent extraction had better antioxidant activities than those prepared by the 




Table 6.1 also shows the antioxidant activity of sub-fractions isolated from the spine EA extract 
by HPLC，with fraction 1 having the highest and fraction 3 having the lowest antioxidant 
activity (p < 0.05). Compared to the crude extract, all isolated spinochromes exhibited higher 
antioxidant activities (p < 0.05). Fraction 1, which contained spinochrome E, possessed the 
highest antioxidant activity, which was higher than that of the Trolox standard, while fraction 
3 containing spinochrome B exhibited the lowest activity that was lower than some of the crude 
PHNQ extracts (p < 0.05). Spinochrome E has the highest number of hydroxyl groups per 
molecule of the 6 most-commonly known spinochromes, while spinochrome B contains only 
4 hydroxyl groups, and is likely why spinochrome E has a higher antioxidant activity than 
spinochrome B.  Fractionation of the PHNQ compounds in crude extracts by HPLC also 
showed that spinochrome E is the main PHNQ component in the crude extracts.  
The DPPH assay has been widely used to investigate the antioxidant capability of natural 
product extracts and pure compounds (Villano, Fernández-Pachón, Moyá, Troncoso, & García-
Parrilla, 2007). In addition, it has been the most popular assay used to assess the antioxidant 
activity of PHNQ extracts (Brasseur et al., 2017; Kuwahara et al., 2009; Li et al., 2013; Powell 
et al., 2014; Zhou et al., 2011). The DPPH activity of a mixture of spinochrome A, spinochrome 
B, spinochrome C and echinochrome A extracted by diethyl ether was reported to be better 
than that exhibited by a standard antioxidant, butylated hydroxytoluene (BHT) (Soleimani et 
al., 2016), while in other research the DPPH scavenging activity of a diethyl ether extract of 
shell was found to be higher than that of α-tocopherol (Kuwahara et al., 2009). Li et al. (2013) 
and Zhou et al. (2011) evaluated DPPH scavenging activity of PHNQ crude extracts obtained 
from Glyptocidaris crenularis, using a macroporous resin NKA-9, from which a mixture of 
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spinochrome B, spinochrome D and spinochrome E was found to have a higher DPPH 
scavenging activity than an extract from Strongylocentrotus intermedius which only contained 
spinochorme B. The scavenging ability of the concentrated pigment extract was reported to be 
similar to that of vitamin C as a positive control (Li et al., 2013; Zhou et al., 2011). The DPPH 
scavenging activities reported for some isolated PHNQs by Brasseur et al. (2017) are in 
agreement with our study reported here. Spinochrome E had the lowest EC50 while 
spinochrome B had the highest EC50, showing that spinochrome E had the best DPPH 
scavenging activity among the four fractions and it was better than Trolox (Brasseur et al., 
2017). The EC50 of DPPH scavenging activity of spinochromes A, B, C, D , E and 
echinochrome A from the coelomic fluid of the far eastern sea urchin has been reported, for 
which echinochrome A had the best scavenging activity with an EC50 of 7.86 μM while the 
EC50 of α-tocopherol was 16.24 μM (Vasileva & Mishchenko, 2016). Vasileva et al. (2016) 
reported that echinamine B showed the highest scavenging activity (EC50 = 6.5 μM) which was 
1.5 times higher than that of α-tocopherol and the activity decreased in the order echinamine 
B > spinamine E > echinochrome A > echinamine A > spinochrome E > α-tocopherol. The 
principal quinoid pigment echinochrome A has been reported to possess relatively higher 
antioxidant activity (Vasileva et al, 2016).  
A previous report comparing the chemical and biological activity of echinochrome A and 
trimethoxyechinochrome A demonstrated the key role of the β-hydroxyl groups in the 2nd, 3rd, 
and 7th positions of the naphthol ring in the antioxidative activity of echinochrome (Lebedev 
et al., 2001). The DPPH radical abstracts a hydrogen atom from a hydroxyl group of a PHNQ 
to form a stable diamagnetic structure (Zhou et al., 2011). If two hydrogen atoms are lost 
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consecutively, a PHNQ becomes a naphthosemiquinone as an intermediate product and then a 
naphthotetraketone as the final reaction product (Lebedev et al., 2001). As mentioned 
previously, PHNQs can be considered as polyphenols (Berdyshev et al., 2007; Powell et al., 
2014), which are good electron-donors. In the anion form, a PHNQ can transmit two electrons 
consecutively to free radicals and become a naphthotetraketone as the final reaction product 
(Zhou et al., 2011).      
6.3.4. Anti-microbial activity of PHNQ extracts  
6.3.4.1. Anti-microbial activity of PHNQ extracts as determined by well-diffusion 
method                                                                                                                                                                                                                                                                                                                                                                                                                                       
In the present study, preliminary experiments involving methanolic PHNQ extracts without 
demineralization did not show any activity against any of the investigated microbial strains 
when tested at either 1 mg/mL or 10 mg/mL in the well diffusion method. Subsequent HPLC 
analysis of these methanol extracts showed that the amount of PHNQ pigments present was 
under the detection limit (results not shown). Research has been previously reported on the 
anti-microbial activity of a sea urchin methanol extract towards Streptococcus mutans and 
Streptococcus sobrinus (Kazemi, Heidari, & Rassa, 2016). These researchers reported an anti-
microbial effect against streptococcal species for ethanol extracts of the gonads and shells, 
while the extracts of spines showed no anti-microbial effect.   
The anti-microbial activity of E. chloroticus shell and spine crude extracts using the other 
organic solvents (other than EA) was tested on three bacterial strains (E. coli 9026, S. aureus 
ATCC 6538, and S. mutans UA159) and a fungi (C. albicans). The effects on growth of the 
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bacteria and growth of C. albicans are presented in Table 6.2. All of the PHNQ extracts at 10 
mg/mL exhibited anti-microbial activity towards S. aureus, while no activity was apparent at 
1mg/mL. Only the DE spine extract at 10 mg/mL exhibited some anti-microbial activity 
towards E. coli and S. mutans. No anti-microbial activity was observed towards C. albicans 
with any of the PHNQ extracts.  
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Table 6.2. Growth inhibition exhibited by crude PHNQs using well diffusion method * 
Part  Solvent concentration S. aureus E. coli  S. mutans  C. albicans 
shell EACF1 High6 15.19±0.36 ND ND ND 
shell EACF1 Low7 ND5 ND ND ND 
spine EACF High 15.26±0.86 ND ND ND 
spine EACF Low ND ND ND ND 
shell EA2 High ND ND ND ND 
shell EA Low 17.02±0.83 ND 10.44 ND 
spine EA High 17.02±0.83 ND 10.44 ND 
spine EA Low ND ND ND ND 
shell CF3 High 15.31±0.68 ND ND ND 
shell CF Low ND3 ND ND ND 
spine CF High 16.09±1.45 ND ND ND 
spine CF Low ND ND ND ND 
shell DE4 High 12.19±0.96 ND ND ND 
shell DE Low ND ND ND ND 
spine DE High 17.71±0.18 12.72±0.48 11.87±0.94 ND 
spine DE Low ND ND ND ND 
Gentamicin (32 μg/mL) 22.28±1.09 20.29±1.86 ND ND 
Amphotericin B (125 μg/mL) ND ND ND 24.06±1.22 
Penicillin (32 μg/mL) ND ND 20.52±0.68 ND 
* Each value is presented as mean ± SD (n = 3). Data from three independent experiments.  
1 EACF= Ethyl acetate extract obtained after prior extraction with chloroform. 
2 EA = Ethyl acetate. 
3 CF = Chloroform. 
4 DE = Diethyl ether. 
5 NA = Not detectable  
6 High concentration: 10 mg/mL 
7 Low concentration: 1 mg/mL 
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6.3.4.2. Minimum Inhibitory Concentration (MIC) of PHNQ crude extracts and sub-
fractions 
Shell and spine crude extracts that were obtained using each of the four different organic 
solvents were tested on three bacterial strains, E. coli 9026, S. aureus ATCC 6538, S. mutans 
UA159, and the MIC and MBC data are presented in Table 6.3. 
Table 6.3. In vitro anti-microbial activity of PHNQ extracts from E. chloroticus shell 
and spine expressed as MIC and MBC (µg/mL) * 
Extracts  S. aureus (MIC) S. aureus (MBC) E. coli (MIC) E. coli (MBC) S. mutans (MBC) 
EACF1 shell 1250 1250 1250 2500 2500 
EACF spine 1250 1250 1250 2500 1250 
EA2 shell  1250 1250 1250 2500 2500 
EA spine  1250 1250 1250 2500 1250 
CF3 shell  1250 1250 2500 5000 2500 
CF spine   1250 1250 1250 2500 2500 
DE4 shell 1250 1250 1250 2500 1250 
DE spine  625 1250 1250 2500 1250 
Fraction 1  500 1000 1000 1000 > 1000 
Fraction 3 500 1000 1000 1000 > 1000 
Fraction 5 500 500 250 250 > 1000 
Fraction 6 500 500 250 250 > 1000 
Gentamicin 4 8 2 4  
Penicillin     64 
* Data obtained from three independent experiments; MIC: minimal inhibitory concentration; MBC: minimum bactericidal 
concentration.  
1 Ethyl acetate extract obtained after prior extraction with chloroform. 
2 Ethyl acetate extract. 
3 Chloroform extract. 
4 Diethyl ether extract.   
 
All crude extracts exhibited anti-microbial activity against all three strains. Some anti-
microbial activity was observed, but it was very low compared to the control antibiotics (p < 
0.05) (Table 6.3). The MIC against S. mutans was not able to be determined, due to the 
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formation of compact bacterial aggregates with the concentrated extracts.  
The HPLC fractions also exhibited enhanced anti-microbial activity compared to crude extracts, 
but was variable between fractions, for both E. coli and S. aureus (p < 0.05). HPLC fraction 5 
(echinochrome A) and fraction 6 (echinochrome A + spinochrome A) had a MIC = 250 µg/mL 
against E. coli, and a MIC = 1000 µg/mL against S. aureus. Brasseur et al. (2017) tested the 
anti-microbial activity of isolated sub-fractions and found that echinochrome A/Spinochrome 
C exhibited an EC50 < 61 μM, and the EC50 was lower than that of ampicillin against S. 
oneidensis. Spinochrome A exhibited an EC50 < 250 μM, while spinochromes B and E 
exhibited a more variable anti-microbial activity depending on the bacterial strain, while 
against E. coli an EC50 < 30 μM was obtained (Brasseur et al., 2017).  
Many natural products such as terpenoids, glycosteroids, flavonoids and polyphenols possess 
anti-microbial activity. However, most of them have activities less than common antibiotics 
produced by bacteria and fungi. Even though these natural products are less potent, sea urchins 
appear to be able to fight infections successfully (Brasseur et al., 2017). Hence, it becomes 
apparent that a different paradigm such as synergy may be in play to combat infections. 
Secondary metabolites have been found to play a protective role against bacteria, fungi, 
amoebae, plants, insects, and large animals (Demain & Fang, 2000). Considering that PHNQ 
pigments are located in the shell dermis of sea urchins, they may have evolved a role of 
protecting against various pathogens. In the present study, both crude and fractionated PHNQ 
pigments showed some anti-microbial activity in vitro. 
6.3.4.3. Effect of a PHNQ extract on the growth of S. aureus and E. coli 
One crude PHNQ extract (EA spine) was further tested in microplate assays to evaluate the 
effect on the growth rate kinetics of E. coli and S. aureus. The growth curves of E. coli treated 
with PHNQ extract are shown in Figure 6.4 A, based on measuring optical density at 600 nm. 
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In the presence of 0, 625 and 1250 µg/mL of PHNQ extract (with the latter two values 
corresponding 0.5 x MIC/MBC and 1.0 x MIC/MBC, respectively), full growth curves of E. 
coli consisting of lag phase, exponential phase, and stationary phase were generated. In the 
absence of PHNQ extract, E.coli reached exponential growth phase within 4 h. However, when 
exposed to different concentrations of PHNQ extract, the exponential phase was delayed 
compared to bacteria grown in the absence of PHNQ extract. For example, with 2500 µg/mL 
PHNQ added to the growth medium (2.0 x MIC/MBC), E. coli cell exponential growth was 
not reached until 18 h (Figure 6.4 A). When the concentration of PHNQ extract added to the 
growth medium was 5000 µg/mL (4.0 x MIC/MBC), no growth of E. coli could be detected 
over 24 h (Figure 6.4 A). As the concentration of PHNQ extract increased, the rate of growth 
of the E. coli was reduced. 
The dynamics of bacterial growth for S. aureus were also monitored in Mueller Hinton broth 
medium supplemented with different concentrations of PHNQ extract. At all of the 
concentrations tested, PHNQ extract caused a growth delay of S. aureus, and increasing the 
concentration of PHNQ extract increased this growth delay. For example, the lag phase 
observed when S. aureus was exposed to 156 µg/mL PHNQ extract, was 10 h compared to 4 h 
in the negative control (Figure 6.4 A). At concentrations of PHNQ extract above the determined 
MIC/MBC of 1250 µg/ml, no growth of S. aureus could be detected after 24 h. Growth curve 
results from E. coli and S. aureus with the PHNQ extract, indicated that the anti-microbial 
activity of the PHNQ extract against S. aureus was better than against E. coli (Figure 6.4). 
Therefore, the gram-positive bacterium S. aureus was chosen for TEM examination to see what 





Figure 6.4. Growth curves of bacterial cells treated with PHNQ extract *. 
(A) Growth curves of E. coli treated with PHNQ extract. (B) Growth curves of S. aureus treated with 
PHNQ extract. Gentamicin antibiotic control.  
* The Y-axis in Figure 6.4 A and B is presented as relative value of optical density (OD): 
OD value = A 600 bacteria – A 600 PHNQ 
Where: A 600 bacterial is the absorbance of the media containing PHNQ and bacteria. A 600 PHNQ is the 


















































6.3.4.4. Analysis of morphological changes in S. aureus by TEM after PHNQ extract 
treatment 
TEM was used to assess the morphological changes in bacterial cells after treatment with 
PHNQ extract. S. aureus, a Gram-positive cocci (spherical) bacterium, has a cell wall 
surrounding the cell, and in cells where the cell wall extends down the centre of the cell, the 
cell has formed two daughter cells (Figure 6.5 A, C). The typical cell wall, outer and inner 
membrane, periplasmic space, and the cytoplasmic content within the electron-dense areas can 
be seen in Figure. 6.5 A and C. Cytoplasmic membrane and cell wall of S. aureus grown under 
control conditions in the absence of PHNQ extract exhibited no damage to the cell 
ultrastructure (Figure 6.5 A).  
However, significant morphological changes were observed in S. aureus cells treated with 
PHNQ extract. A higher magnification view of S. aureus cells treated with PHNQ extract 
(Figure 6.5 D) showed that the PHNQ extract had an impact on the integrity of the bacterial 
cell membrane and cell wall, resulting in thickening of the membrane and release of the cell 
contents upon cell wall disruption.  Swelling of the cell membrane (Figure 6.5 C) and impaired 
structure were observed at a concentration of 156 µg/mL PHNQ extract. The changes in the 
cell morphology are likely due to disruption of the cell wall and membranes leading to release 





Figure 6.5. TEM of ultrathin sections of S. aureus grown in MHB. 
(A) control (scale bar = 500 nm, magnification × 19500), (B) 156 µg/mL PHNQ extract (scale bar = 
500 nm × 19500), black arrows indicate undulating appearance and disorganized cell wall/surface, (C) 
control (scale bar = 200 nm × 38000), (D) 156 µg/mL PHNQ extract (scale bar = 200 nm × 38000), 
green arrow indicates example of material emanating from cell surface, red arrow indicates example of 
the release of cytoplasmic contents.   
 
Naphthoquinones such as juglone, lawsone, plumbagin, and lapachol, are analogues of PHNQ 
and are also reported to exhibit anti-microbial activity (Sánchez-Calvo et al., 2016). The 
mechanism of action of naphthoquinones has been suggested to be related to their oxidising 
and dehydrogenation properties (Sánchez-Calvo et al., 2016). This behaviour is related to the 
ability of quinones to accept one or two electrons to form highly reactive radical anion 
intermediates, which can generate oxidative stress in cells. However, several other mechanisms 
of action have been attributed to quinonoid compounds, including DNA intercalation, 





such as topoisomerases (Sánchez-Calvo et al., 2016). A more in-depth understanding of how 
juglone (a 1,4-naphthoquinone) acts against S. aureus has been conducted previously involving 
a proteomic method (Wang et al., 2016). The results suggested that juglone effectively 
increased the protein expression of oxidoreductases and created a peroxidative environment 
within the cell, significantly reducing cell wall formation and increasing membrane 
permeability. The present study shows that PHNQs have an impact on the integrity of the 
bacterial cell membrane and cell wall, which likely results from disruption of the membranes, 
similar to that reported for the PHNQ analogue juglone (Wang et al., 2016).   
6.3.5. Anti-inflammatory activity of PHNQs 
6.3.5.1. In vivo anti-inflammatory activity evaluated by cotton pellet-induced granuloma 
bioassay 
The anti-inflammatory activity of crude PHNQ spine EA extract was evaluated in vivo using a 
cotton-pellet granuloma bioassay in rats, as this extract exibited the best antioxidant activity 
amongest all the extracts obtained by different extraction methods. The experiment for this 
section was done by Professor Adnan A. Bekhit in Alexandria University (Egypt). 
Indomethacin and celecoxib were used as reference compounds. The granuloma inhibition and 
ED50 values were determined for the PHNQ extract and reference standards (Table 6.4). All of 
the test samples of the PHNQ extract demonstrated anti-inflammatory activity (Table 6.4). The 
ED50 for the reference compounds indomethacin and celecoxib, and for the PHNQ extract were 
significantly different from each other (p <0.01). 
Anti-inflammatory activity of pigments extracted from sea urchin spine and shell have been 
reported previously. Lennikov et al. (2014) subjected a model of acute anterior segment 
intraocular inflammation in Lewis rats to echinochrome A. The number of inflammatory cells 
were lower in rats treated with 10 mg/kg and 1 mg/kg of echinochrome A compared with LPS 
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(positive control) treated rats, and the expression of NFκB and TNF-α in aqueous humor was 
reduced (p <0.01). Another report found that sea urchin shell and spine pigments could reduce 
the production of NO, IL-6, TNF-α, PGE2 and 6-keto-PGF1α in spleen lymphocyte 
proliferation RAW264.7 cells, but did not affect the level of IL-4 (Niu, Wang, Wang, Qin, Sun, 
& Zhu, 2016). However, in the study of Brasseur et al. (2017), echinochrome A/ spinochrome 
C, spinochrome A, spinochrome B and spinochrome E, caused an increase in TNF-α production 
by J774 macrophages after lipopolysaccharide (LPS) stimulation. This result was unexpected 
because it was contradictory to studies where spinochromes exhibited anti-inflammatory 
activities. The authors explained their results on the basis that in vivo, metabolism encompasses 
a more complex array of reactions than in vitro (Brasseur et al., 2017). The E. chloroticus spine 
ethyl acetate PHNQ extract contained mainly echinochrome A, spinochrome E and 
spinochrome B (Figure 6.3 A). This crude PHNQ extract exhibited anti-inflammatory activity 
comparable to celecoxib at 2 mg/ cotton pellet. Due to the low yield of PHNQ that was 
obtainable in HPLC subfractions, the anti-inflammatory activity of individual PHNQ HPLC 
fractions could not be tested. Future studies should aim to analyse separated compounds in 
order to obtain more information on individual PHNQ compounds.  
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Table 6.4. Cotton pellet-induced granuloma bioassay in rats. Dry weight of granuloma 
(mg), granuloma inhibition (%) and anti-inflammatory activity (ED50, μg) of the 
reference compounds and test PHNQ extract. 
Test compound Dose mg/ 
cotton pellet 




ED50 (mg) * 
Control ---- 72.28±1.60a ---- ---- 
Indomethacin 2 51.3±1.60c 29.06c 3.44±0.24c 
Celecoxib 2 60.5±2.20b 16.33d 6.12±0.18b 
Extract 2 62.98±0.82b 12.86d 8.26±0.22a 
Extract 5 42.33±1.34d 41.43b ---- 
Extract 8 34.69±1.21e 52.01a ---- 
* Data for ED50 (μg) (tested PHNQ extract and references) were significantly different from untreated control (P < 0.001). 
Each value is presented as mean ± SD.  
 
There are also reports on the anti-inflammatory activity of other natural naphthoquinones. 
Bioassay-guided fractionation led to the isolation of 7-hydroxy-6-methoxy-α-dunnione, a 
naphthoquinone from Sinningia canescens tubers with anti-inflammatory and anti-pyretic 
properties (Lomba et al., 2017). Furthermore, naphthoquinones have shown promising anti-
inflammatory and anti-nociceptive activities, which were dissimilar to that of most known 
analgesics (Fathy, Aboushoer, Baraka, Abdel-Kader, & Omar, 2009). In addition, 
phytochemical investigation of extracts of the roots of Echiochilon fruticosum resulted in the 
identification of naphthoquinone derivatives. Echiochiloquinone was identified as a new 
derivative 5-hydroxy 8-methoxy 2-(4-methylpent-1,3-dienyl) naphthalene-1,4-dione. The anti-
inflammatory activity of the root crude extracts and of echiochiloquinone was evaluated 
utilising both cotton pellet-induced and carrageenan-induced rat paw oedema. The ulcerogenic 
effect was also studied and echiochiloquinone was less active than these root crude extracts, 
suggesting that other active compounds are still to be identified in this plant (Fathy et al., 2009). 
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6.3.5.2. Docking study  
The data for this section was collected by Professor Adnan A. Bekhit, Alexandria University, 
Alexandria, Egypt. Figure 6.6 shows the binding interactions of spinochrome A, B and C, 
mirabiquinone (7,50-anhydroethylidene-6,60-bis(2,3,7-trihydroxynaphthazarin) (Figure 6.6, 
structure 1) and its methylated derivative (Figure 6.6, structure 4), spinochrome dimers – 
ethylidene-3,30-bis(2,6,7-trihydroxynaphthazarin) (Figure 6.6, structure 3) and its anhydro 
derivative (Figure 6.6, structure 2) to the active site of COX-2, where they exhibited similar 
interactions to SC-558. Spinochrome A is predicted to perform hydrogen bonding interactions 
with Arg 1120 andTyr 1355, as well as, hydrophobic interactions with Val 1523, Ala 1527, 
Leu1352 and Val 1116.  Spinochrome B, on the other hand, is predicted to show hydrogen 
bonding interaction with Ser 1530 and Arg 1120, in addition to hydrophobic interactions with 
Val 1523, Val 116, Leu 1531, , and Met 1113,. Mirabiquinone was predicted to be the best 
binder in this study (Table 6.5), and demonstrated better docking score compared to Celecoxib 
(as shown in Table 6.5). Ethylidene-3,30-bis(2,6,7-trihydroxynaphthazarin) and its anhydro 
derivative had similar effects to celecoxib, which were better than that of spinochrome A, B 
and C.  
From the abovementioned data, the docking results of the examined compounds spinochrome 
A and B, which are present in the crude PHNQ extracts used in the cotton pellet-induced 
granuloma bioassays, provide a good explanation for the potent anti-inflammatory activity of 
the crude extract. However, the most favorable binding energies were found for spinochrome 











Spinochrome A Spinochrome B 
Spinochrome C Mirabiquinone 









Figure 6.6. Two dimensional view from a molecular modeling study of the minimum-
energy structure of the complex of PHNQs docked in COX-2 (PDB ID: 1CX2). 
(Viewed using Molecular Operating Environment (MOE) by Professor Adnan A. Bekhit, Alexandria 
University, Alexandria, Egypt.) 
Ethylidene-3,30-bis(2,6,7-trihydroxynaphthazarin)    
Methylated derivative of mirabiquinone 
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Table 6.5. Comparison of the docking performance (binding score) of PHNQs against 
COX-1 
Compound * Binding score 
celecoxib -8.98 
spinochrome A -4.29 
spinochrome B -4.09 




4 -8.36  
*1. Mirabiquinone. 2. Anhydro derivative of ethylidene-3,30-bis(2,6,7-trihydroxynaphthazarin. 3. 
Ethylidene-3,30-bis(2,6,7-trihydroxynaphthazarin 4. Methylated derivative of mirabiquinone. The data 
were collected by Professor Adnan A. Bekhit, Alexandria University, Alexandria, Egypt.  
 
6.4. Conclusion 
This study investigated the bioactivities of PHNQ compounds extracted from E. chloroticus 
shell and spine. The evaluation of the TPC and antioxidant activities of the PHNQ extracts 
showed that organic solvent extraction was better at extracting PHNQs than the macroporous 
resin method. It appears that other non-PHNQ compounds were present in the PHNQ extracts 
obtained by the resin extraction methods. However, from a commercial and environmental 
viewpoint, the marcoporous resins would still be an option worth considering for large-scale 
production, in providing a more environmentally sustainable approach. Both PHNQ crude 
extracts and PHNQ fractions obtained by HPLC exhibited substantial antioxidant activities and 
weak anti-microbial activity towards E. coli, S. mutans and S. aureus (MIC values ranged 
between 250 and 2500 µg/mL depending on the PHNQ extract and bacterial species tested). 
The main bacterial abnormalities resulting from treatment with PHNQ extracts, as analysed by 
transmission electron microscopy (TEM), were the alteration in morphology of the bacterial 
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cell wall, resulting in release of cell contents. PHNQ extracts exhibited anti-inflammatory 
activity in a cotton pellet-induced granuloma bioassay in rats at a concentration range of 2-8 
mg/cotton pellet. The molecular docking study supported the anti-inflammatory activity 
detected of PHNQs. These results indicate the potential of E. chloroticus PHNQ extracts for 
utilisation as natural bioactives.  
6.5. Limitations 
In the current study, as it was difficult to obtain large amounts of fractionatiated PHNQs using 
analytical HPLC to be used in bioassays that require relatively large amounts of samples. 
Conducting the in vivo anti-inflammatory assays using fractionated PHNQs with isolated 
compounds could have provided more information. Furthermore, conducting the molecular 
docking study with other PHNQs such as echinochrome A, and the amino PHNQs, would 
provide more information about the anti-inflammatory activity of PHNQs and the relationship 
between structure and bioactivities.  
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Chapter 7. Effect of PHNQs from New Zealand sea 
urchin (E. chloroticus) spine on formation of 




Aspects of this chapter have been published in Marine Drugs:  
 
Hou, Y., Carne, A., McConnell, M., Mros, S., Vasileva, E. A., Mishchenko, N. P., ... & Bekhit, 
A. E. D. A. (2020). PHNQ from Evechinus chloroticus Sea Urchin Supplemented with Calcium 




7.1.1. Bone formation and osteoporosis  
Bone is composed of three cell types including osteoblasts, osteocytes and osteoclasts. In order 
to maintain stability and integrity of bone, it is constantly undergoing remodelling, which is a 
complex process that involves bone resorption by osteoclasts and bone formation by 
osteoblasts. Osteoblasts, as the chief bone-making cells, are responsible for the production of 
the calcified extracellular matrix (Fattore et al, 2012). Osteoblasts produce a group of unique 
extracellular proteins including osteocalcin, alkaline phosphatase (ALP) and a large amount of 
type I collagen (Long, 2012). Osteoblasts are derived from mesenchymal progenitors (MP) and 
pre-osteoblasts that become osteocytes upon being entombed within the bone matrix (Figure 
2.5) (Long, 2012). Osteocytes are being entombed in the bone matrix in the mature bone tissue, 
acting to sense mechanical strain on bone and altering the rate of bone absorption and 
deposition by secretion of growth factors (Shea and Miller, 2005). Osteocytes are differentiated 
from osteoblast lineage cells (Shea and Miller, 2005).  Bone-resorbing osteoclasts are 
multinucleated cells derived from bone marrow-derived macrophages, which are differentiated 
from haematopoietic stem cells (HSCs). The balance between the production and function of 




Figure 7.1. Three main types of bone cells and the bone formation process 
Osteoblasts are known to form bone tissue for bone formation by secretion of ALP, type I 
collagen, proteoglycan, bone sialoprotein and osteopontin (Proff and Römer, 2009). 
Osteoblasts are found in clusters rather than individually along the bone surface, where they 
produce bone matrix by deposition of collagen I. Subsequently, the mineralization occurs based 
on the collagen matrix by the activity of ALP (Proff and Römer, 2009). The maturation of 
osteoblasts depends on the proliferation and differentiation of the cells. Proliferation plays a 
very important role in early maturation because the differentiation only starts after the cells 
reach confluence (Neve, Corrado, & Cantatore, 2011). Early maturation is defined by the 
expression of high levels of ALP (Beck Jr, 2003). The osteocyte stage is considered to be the 
final differentiation stage of osteoblast maturation (Proff and Römer, 2009), which is 
characterized by the expression of osteopontin and osteocalcin (Beck Jr, 2003).  
Osteoblasts not only secrete the organic components (collagen I) of bone matrix, but also are 
responsible for the mineralization. The mineral component of the bone provides the strength of 
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the bone and also provides mineral reserve. The mineral component is mainly composed of 
hydroxyapatite (HA), Ca5(PO4)3(OH) and has also been reported as Ca10(PO4)6(OH)2 (Shea 
and Miller, 2005).  
The formation and remodelling of bone are essential for the development, maturation, 
maintenance, and repair of bones. The formation of bone involves a complex series of events 
including the proliferation and differentiation of osteoblast cells, eventually leading to the 
formation of a mineralized nodule (Muthusami et al., 2011). Based on studies of bone nodule 
formation in vitro, the process starts with proliferation of osteoblast cells, followed by their 
differentiation and matrix mineralization to form new bone matrix (Marcus and Majumder, 
2001). The breakdown of bone growth and remodelling pathway can result in the risk of bone 
disorders. Osteoporosis is the most common bone disorder and remains an increasing problem 
(Lin and Lane, 2004). Osteoporosis is caused by an imbalance of bone formation by osteoblasts 
and bone resorption by osteoclasts and is characterized by low bone mass and micro-
architectural deterioration of bone tissue, which leads to enhanced bone fragility and fracture 
risk (Lin and Lane, 2004). Osteoporosis can be categorized into two types: primary 
osteoporosis (type I), which is bone loss by ageing or hormonal changes, and secondary 
osteoporosis (type 2), which is caused by chronic illness (for example diabetes or long-term 
immobilisation) (Neve et al., 2011). There are several treatments for osteoporosis including Ca 
and Vitamin D supplementation and hormone replacement therapies, but these kinds of 
treatments failed to completely halt the progression of this disorder (Miller, 2016). In addition, 
the currently available anti-osteoporotic agents cause adverse effects, including increased risk 
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of thrombosis and cancer (Abdel-Naim et al., 2018), hence natural products may constitute a 
safer and more effective option.  
Natural products extracted from Traditional Chinese Medicine (TCM) have been shown to be 
the potential candidates for the development of new drugs. There are a number of natural 
products, including flavonoids such as rutin and quercetin, present in a variety of fruits and 
vegetables, polyphenols such as resveratrol from red grapes and berries, have been studied for 
their antioxidant activities and other bioactivities (Shahidi and Ambigaipalan, 2015). These 
natural products have also been studied for treatment of bone related diseases, such as 
osteoporosis (Hohman and Weaver, 2015; Hus et al., 2009). There are also a number of TCM, 
which have been summarized by Miller (2016) in a review that possess capability to ease bone 
joint issues and strengthen bones and muscles. Echinacoside, isolated from Cistanche 
tubulosa (Schrenk) R. Wight (Orobanchaceae parasitic plant)  stems, has been reported to 
cause a significant increase in cell proliferation, alkaline phosphatase (ALP) activity, the 
secretion of collagen I, osteocalcin levels and an enhancement of mineralization in osteoblasts 
in vitro using MC3T3-E1 cells at a concentration range from 0.01 to 10 nmol/L (p < 0.05) (Li 
et al., 2012). Vanillic acid is a phenolic acid isolated from Sambucus williamsii Hance 
(Caprifoliaceae family), which has been used for treatment of bone and joint disease in China 
for thousands of years. A previous study has reported that vanillic acid significantly stimulated 
cell proliferation, ALP activity, as well as causing significant alteration of mRNA expression 
of genes involved in osteoblast functions and osteoclastogenesis in UMR 106 cells (Xiao et al., 
2014). A number of natural products from a variety of fruits and vegetables, such as rutin and 
quercetin, that have also been evaluated for their potential in management of osteodegenerative 
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disorders. These compounds were reported to increase ALP activity by about 150 and 240% 
and enhanced mineralization by up to 110% and 200% respectively, compared to 
control (which was set as 100%) in vitro in isolated mouse bone marrow derived mesenchymal 
stem cells (Srivastava, Bankar and Roy, 2013).  
Several inflammatory diseases such as rheumatic disease and osteoporosis have been shown to 
be associated with increased bone resorption and fracture rates (Redlich & Smolen, 2012). The 
degree of inflammation correlates with the extent of bone loss (Redlich & Smolen, 2012), and 
an imbalance between the pro- and anti-inflammatory cytokines can induce autoimmunity, or 
chronic inflammation, and thereby lead to bone damage (McInnes & Schett, 2007). Different 
studies have supported the relationship between inflammatory cytokines such as tumour 
necrosis factor-α (TNF-α), Interleukins (IL)-6, IL-1β, and IL-12P70, and bone resorption. 
Matrix metallopeptidases (MMPs) are a calcium‐dependent zinc‐containing enzyme family 
that are responsible for the degradation of extracellular matrix (ECM), containing such proteins 
as collagen, gelatin, and elastin (Paiva & Granjeiro, 2014). EMC production and degradation 
in bone cells are critical steps in bone metabolism (Matos et al., 2019). More than half of the 
MMP family have been reported to be active during bone modelling processes and coupled 
with bone resorption and bone formation (bone remodelling), in normal bone development in 
mammalian species, and osteoblasts are considered to be the main source of MMP production 
(Paiva & Granjeiro, 2014). 
7.1.2. The Saos-2 cell line in vitro model system   
In vitro models are important tools for the development of new therapies for some diseases and 
serve as low-cost screening platforms (Katt et al., 2016). Cell culture model systems allow 
184 
 
elimination of some confounding influences such as gender, age, diseases and overall health 
status as well as providing information that is not easily available from in vivo models 
(Czekanska et al., 2014). There are some available cell models including primary human, rat, 
bovine, ovine and rabbit osteoblast cells as well as MC3T3-E1, MG-63 and Saos-2 cell lines 
used for studying the process of bone formation (Czekanska et al., 2012). Czekanska et al. 
(2012) have summarized the advantages and disadvantages of using such cells for in vitro 
studies (Table 7.1). The sarcoma osteogenic (Saos-2) is a cell line was derived from the primary 
osteosarcoma of an 11-year-old Caucasian girl in 1973 (Fogh et al., 1977). This cell line is 
commonly used in bone cancer research, but Rodan et al. (1987) demonstrated that the Saos-2 
cells possess several osteoblast features and could be used as a human osteoblast-like cell line 
to investigate for both cellular products and cellular response. Since then this cell line has been 
used as a model of osteoblast function. 
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Table 7.1 Advantages and disadvantages of the osteoblast cell line (Czekanska et al., 
2012) 
Cell type Advantages Disadvantages 
Primary 
human cells 
✓ no interspecies differences  
✓ relevant for clinical studies 
✓ heterogeneous phenotype 
✓ long isolation procedure 
✓ limited accessibility 





✓ easily available 
✓ possibility to control the selection of donor 
animals 
✓ cell extraction from all bones in the 
skeleton 
✓ interspecies differences 
✓ genomic differences 
✓ cell phenotype sensitive to age and 






✓ potential for improved in vitro 
extrapolation of bone remodelling and 
healing process to current in vivo models. 
✓ potential formation of trabecular structures 
(bovine osteoblasts) 
 
✓ inconsistent results regarding cell 
mineralization 
✓ need for optimising culture 
conditions 
✓ lack of extensive characterisation of 
cells 
✓ limitations for molecular biology 
methods 
Saos-2 ✓ no interspecies differences 
✓ unlimited number of cells 
✓ homogenous 
✓ cytokine and growth factor expression 
profile 
✓ similar to human Ob cells 
✓ sensitive to hormonal administration 
✓ matrix mineralization 
✓ do not mirror the whole range of 
osteoblast 
✓ phenotypic changes 
✓ sensitive to Pi substrates 
MG-63 ✓ no interspecies differences 
✓ unlimited number of cells 
✓ hormonal administration response similar 
to human Ob cells 
✓ similar to human integrin subunits profile 
✓ arrested in pre-osteoblast state 
✓ inconsistent regarding cell 
mineralization 
MC3T3-E1 ✓ unlimited number of cells 
✓ homogenous character 
✓ phenotypic differentiation from pre-
osteoblasts 
✓ to mature osteoblasts 
✓ interspecies differences 




The cell culture models mentioned above have been used to assess the effect of some natural 
products such as carotenoids (Uchiyama and Yamaguchi, 2005), polyphenols (Rao et al., 2008), 
and flavonoids (Yan et al., 2014) on matrix mineralization of osteoblast cells (Huh et al., 2006; 
Kim et al., 2003). Various methods have been used to alter culture conditions to modulate or 
enhance mineralization for analysis of the mineralization process in osteoblast cells (Chang et 
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al., 2000; Coelho and Fernandes, 2000; Czekanska et al., 2012; Xiao et al., 2002). It was found 
that an elevated concentration of calcium and phosphate is essential for mineralization  in vitro 
(Chang et al., 2000). It was found that β-glycerophosphate (β-GP), as a source of inorganic 
phosphate, could be hydrolysed by alkaline phosphatase to release free inorganic phosphate, 
providing the potential for promoting mineral deposition (Chang et al., 2000). Coelho and 
Fernandes (2000) also found that in the presence of β-GP, the cultures were less proliferated 
and the osteoblast cell population was more differentiated. Addition of ascorbic acid and 
dexamethasone were also found to be very important for stimulation of the mineralization 
process, by enhancing deposition of collagenous matrix followed by further mineralization 
(Czekanska et al., 2012; Xiao et al., 2002). Therefore, in the present study, β-glycerophosphate, 
dexamethasone and ascorbic acid were added to the treatment media to modulate the 
mineralization process in osteoblast cells.  
Saos-2 cells are used more frequently in applied biology research than primary bone-derived 
cells because of their ease of availability and it has been found that they produce reproducible 
results in experiments. Although animal derived cell lines such as MC3T3 cells also have been 
used to assess mineralized nodule formation in previous studies, in some cases the cellular 
responses are species specific (Czekanska et al., 2012). Therefore, in this study the human 
derived cell line Saos-2 was used as a model to evaluate the effect of PHNQ on mineralized 
nodule formation in vitro. It is worth mentioning that the use of Saos-2 cell line as an in vitro 
system model is limited, because it cannot be considered the same in terms of uptake of 
nutrients and metabolism compared to that taking place in animals and humans (Czekanska et 
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al., 2014). Thus, the data obtained from in vitro cell line systems should be considered only 
indicative and should be followed by animal trials. 
7.1.3. Mineralized nodule formation assays 
The two most commonly used staining methods to visualize mineralized nodules in cell culture 
are von Kossa and alizarin red (Muthusami et al., 2011; Parisuthiman et al., 2009). The von 
Kossa method is based on the binding of silver ions (from silver nitrate) to anions such as 
phosphate salts, rather than calcium, and the reduction of silver salts by photochemical 
degradation to form dark brown or black metallic silver staining (Meloan and Puchtler, 1985). 
Unlike the von Kossa method, which is not specific to calcium, alizarin red reacts with calcium 
cations to form a chelate, which is a pigment that is orange to red in colour (Paul et al., 1983). 
However, both methods result in termination of the culture for further examination or 
manipulation, since there is a requirement for cell fixation prior to staining, which precludes 
the opportunity to continuously observe dynamic changes during the formation of mineralized 
nodules in living cell cultures (Wang et al., 2006). Other methods involving the use of 
fluorescent dyes such as calcein blue and xylenol orange have been established as potential 
alternatives to the von Kossa and alizarin red methods to overcome this limitation. The use of 
fluorescent dyes with Saos-2 cells has been evaluated by Wang et al. (2006). The results 
indicated that both xylenol orange and calcein blue can provide contrasting fluorescent staining 
to continuously monitor mineralized nodule formation in living osteogenic cell cultures 
without deleterious effects. Burrow (2019) reported comparing the xylenol orange and calcein 
blue staining methods for the first time for visualisation of mineralized nodules in Saos-2 cells. 
The xylenol orange staining method was more reliable in this study as determined by the 
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relatively low standard deviation found with the tested samples compared to that of the calcein 
blue staining method as well as lower background staining with xylenol orange stained nodules 
compared to calcein blue stained nodules. That is because the xylenol orange staining method 
could distinguish between biomimetic carbonated hydroxyapatite (synthetic) and osteoblast 
formed mineralized nodules (Kuhn et al., 2010). In the current study, it was decided to use the 
xylenol orange method to evaluate mineralized nodule formation, since it is more specific for 
mineralized nodules formed by Saos-2 cells.  
7.1.4. The possibility of using PHNQ as a potential treatment for 
osteoporosis 
A number of studies have reported that PHNQs are strong antioxidants that can block a number 
of free radical reactions, inhibit lipid peroxidation, and chelate metal ions as discussed in 
chapter 2). Among all of the known PHNQ, echinochrome A is the most well studied 
compound in terms of its bioactivities. Histochrome A, which was synthesized on the basis of 
the pigment echinochrome A (Mishchenko et al., 2003), was found to exhibit additional 
biological effects other than antioxidant activity, including anti-fibrosis, anti-diabetic, anti-
allergenic, anti-acetylcholinesterase, mitochondria-protective, gastroprotective and other 
effects (Agafonova et al., 2015; Agafonova et al., 2011; Jeong et al., 2014; Kareva et al., 2014; 
Mohamed et al., 2016). In addition, various pigments, proteins, and polysaccharides from sea 
urchin shells have been reported to have medicinal properties (Lu et al., 1994; Shang et al., 
2014). Chinese pharmacopoeia, the main reference for Traditional Chinese Medicine (TCM), 
recorded that sea urchin dry calcareous shells have the function of acting as a decongestant 
(“Ruan jian san jie”, ‘resolving phlegm, elimination swelling, expectorate sputum 
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accumulation’) (Lu et al., 1994). E. chloroticus, the sea urchin species that is endemic to New 
Zealand, has been considered a local delicacy and has potential for export to other countries, 
including Japan and China. Commercial harvesting of E. chloroticus for its edible roe generates 
a considerable amount of shell waste that can contribute to environmental issues as discussed 
in Chapter 2. Thus, the potential health promotion effect of PHNQ extracts from E. chloroticus 
may add value to the shell and spine waste and potentially reduce environmental issues.  
7.1.5. Aims 
In this chapter, the effect of PHNQ extract on the proliferation and differentiation of Saos-2 
cells is reported along with a comparison between crude PHNQ extracted from E. chloroticus 
spine and echinocrhrome A (provided by Professor Mishchenko from G.B. Elyakov Pacific 
Institute of Bioorganic Chemistry, Far Eastern Branch of Russian Academy of Sciences, 
Vladivostok, Russia). The MTT assay was used to measure cell viability following treatment 
of the cells with PHNQ extracts or echinochrome A for different time durations in order to 
determine the cytotoxicity and proliferation effect. Then the effect of the PHNQ extracts and 
echinochrome A on the development of mineralized nodules by Saos-2 cells was evaluated 
using both the xylenol orange and the von Kossa staining method. In addition, the effect of 
calcium supplementation on the mineralization effect of PHNQ was tested. Finally, the 
cytokines and MMPs in the cell culture supernatant were analysed, after treatment of the 
osteoblasts with PHNQ and calcium supplementation. The experimental workflow in this 




















Figure 7.2. Workflow and variations for the cell-based assays 
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7.2. Materials and methods 
7.2.1. Material  
Saos-2 cells were sourced from the American Type Culture Collection (ATCC®) (Manassas, 
Virginia, United States), ATCC® number HTB-85™. 
Gibco™ penicillin-streptomycin mix (P/S) (15140-122), Gibco™ TrypLE™ Select (TrypLE™) 
(12604013), dimethyl sulfoxide (DMSO) (D/4121/PB08), Gibco™ Minimum Essential Media 
α (α- MEM) (12561056), Na2HPO4.2H2O, KH2PO4.H2O, NaCl, KCl, NaOH and HCl were all 
sourced from Thermo Scientific (Waltham, Massachusetts, USA).  
Dexamethasone (D4902-25MG), L-ascorbic acid, 2-phosphate sesquimagnesium salt hydrate 
(L-AA) (A8960-5G), β-glycerolphosphate pentahydrate disodium salt (β-glycerolphosphate) 
(G-6501), fetal calf serum (FCS) (16A327), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (M2128), xylenol orange tetrasodium salt (xylenol orange) 
(398187-1G) and sodium dodecyl sulfate (SDS), were sourced from Sigma-Aldrich (St. Louis, 
Missouri, USA). Methanol was sourced from Lab Supply (Dunedin, New Zealand). 
Calcium chloride dihydrate (CaCl2.2H2O) was sourced from ECP Ltd (Auckland, New 
Zealand). Silver nitrate was sourced from BDH Chemicals (Hull, United Kingdom). 
The echinochrome A was kindly provided by Professor Mishchenko from G.B. Elyakov Pacific 
Institute of Bioorganic Chemistry, Far Eastern Branch of Russian Academy of Sciences, 
Vladivostok, Russia. The HPLC profile of the standard echinochrome A is presented in Figure 
1 in appendix V.   
ProcartaPlex™ multiplex immunoassay kit (Human 10-plex kit, eBioscience, Vienna, Austria) 
including antigen standards, detection antibody, magnetic beads, strephtavidin-PE (SA-PE), 
wash buffer concentrate, universal assay buffer, and reading buffer.  
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7.2.2. The source of sea urchin shell and spine samples  
Please refer to section 3.2.2 in chapter 4.  
7.2.3. Preparation of sea urchin spine crude extract  
Please refer to section 4.2.4 in chapter 4. Ethyl acetate spine extract was used in this chapter.  
7.2.4. PHNQ stability in cell culture media  
The determination of PHNQ stability in cell culture media was carried out according to the 
method described in chapter 4, section 4.2.7. PHNQ extracts were dissolved in DMSO at a 
concentration of 10 mg/mL. Then the PHNQ stock solution was diluted in treatment media to 
a final concentration of 62.5 µg/mL. Aliquots of PHNQ diluted solution were stored at room 
temperature (20 ± 2°C) either in the dark or under natural light. The absorbance of the PHNQ 
solutions at 340 nm was measured at 0, 1, 2, 9, 12, 24, 72 h. Then a 96-well plate was prepared 
with 100 µL of treatment media with different concentration of PHNQ extract and CaCl2 (the 
details are shown in Table 7.2) and stored in an atmosphere of 95% air and 5% CO2 at 37
oC for 
3 d in the dark (equivalent to the cell culture conditions). The absorbance of the PHNQ 
solutions at 340 nm was measured both before and after the incubation. The results are reported 
as percentage of the initial absorbance.  
Equation 7.1 PHNQ stability (%) in Saos-2 cell culture media 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑎𝑡 340 𝑛𝑚 (%)
=
𝐴𝑃𝐻𝑁𝑄 −  𝐴𝑚𝑒𝑑𝑖𝑎 
𝐴𝑃𝐻𝑁𝑄 0   −  𝐴𝑚𝑒𝑑𝑖𝑎 0
× 100%  
Where A PHNQ is the absorbance of the media with PHNQ after three days incubation; A media 
is the absorbance of the media only, after three days incubation; A PHNQ 0 is the absorbance of 
the media with PHNQ, before incubation (original absorbance); A media 0 is the absorbance of 
the media without PHNQ before incubation (original absorbance). 
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7.2.5. Cell culture  
All cell culture work was conducted in a PC2 lab using a Class II biological safety cabinet 
(HerasafeKS, Thermo Scientific, Waltham, Massachusetts, USA). The Saos-2 cell growth 
conditions were based on that reported in previous studies by Boskey and Roy (2008),  Hausser 
and Brenner (2005), and Burrow (2019).  
Saos-2 cells were used as osteoblasts in this study. The cells from liquid nitrogen storage were 
thawed in a water bath at 37oC. After thawing, an aliquot of 1 mL Saos-2 cells at 2×106 cells/mL 
was seeded into a 40 mL culture flask (Nunc™ EasYFlask™, Thermo Scientific, Waltham, 
Massachusetts, USA) with 4 mL of pre-warmed (37oC) growth media. The growth media was 
MEM-α supplemented with 10% (v/v) heat inactivated FBS and 1% (v/v) antibiotic-
antimycotic solution. The cells were maintained in the growth medium at 37°C in an 
atmosphere of 95% air and 5% CO2. The media were changed the following day in order to 
remove remaining DMSO present from the storage of the cells. Saos-2 cells were kept growing 
at 37°C in an atmosphere of 95% air and 5% CO2 until they reached 80-100% confluency 
(observed visually using an inverted light microscope (CK40, Olympus, Tokyo, Japan)). The 
media were changed every 2-3 d.  
Once cells reached 80-100% confluency, they were either passaged or re-seeded to a larger 160 
mL flask (Nunc™ EasYFlask™, Thermo Scientific, Waltham, Massachusetts, USA). The 
media were removed from the cells and then the cells were washed twice with 5 mL of pre-
warmed (37oC) sterilized 0.1 M phosphate buffered saline (PBS) (prepared from 
Na2HPO4.2H2O, KH2PO4.H2O, NaCl and KCl, pH 7.2). Then 2 mL of pre-warmed (37
oC) 
TrypLE™ media was added to the flask and the flask was gently shaken to make sure that level 
of TrypLE™ media covered all of the cells. The cell flask was then incubated at 37°C in an 
atmosphere of 95% air and 5% CO2 environment for about 10 min until the cell monolayer had 
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completely disassociated from the flask surface (observed visually using an inverted light 
microscope (CK40, Olympus, Tokyo, Japan)). Then 10 mL of pre-warmed (37°C) growth 
media were added to the flask and the entire contents were transferred to a 50 mL Falcon tube 
for a further centrifugation at 300 x g, 5 min at 20°C (Heraeus Multifuge X3R). The supernatant 
was then removed, and the pellet was re-suspended in 12 mL of pre-warmed growth media 
(37°C). The cell concentration was adjusted using growth media based on the cell count. If the 
cells were re-seeded, 12 mL of cell stock containing 1x106 cells/mL were transferred to a new 
160 mL flask (Nunc™ EasYFlask™, Thermo Scientific, Waltham, Massachusetts, USA). Cells 
were grown at 37°C with 5% CO2 until they reached 80 to 100% confluence (as determined 
visually using an inverted light microscope (CK40, Olympus, Tokyo, Japan)). Then the cells 
were used in the following cytotoxicity assays and mineralization assays  
7.2.6. Determination of cytotoxicity of PHNQ by MTT assay 
7.2.6.1. Determination of cell cytotoxicity of PHNQ by MTT assay 
The cytotoxicity of the PHNQ extract was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay as described by (Lui et al., 2016). The MTT 
assay was used to assess cell viability as a function of a redox potential. Active respiring cells 
convert the water-soluble MTT to an insoluble purple formazan (Figure 7.2). The formazan 
was then solubilized, and its concentration determined by absorbance measurement (Fotakis 
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide                   (E,Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-diphenylformazan                       
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Figure 7.3. The mechanism of the MTT assay 
The Saos-2 cells were seeded in 96-well tissue culture plates at a density of 3x105 cells/mL 
(100 µL each well) in growth media (details shown in Table 7.2). Once the cells reached 80-
100% confluence, the growth media were changed to growth media with or without PHNQ at 
different concentrations (1000, 500, 250, 125, 62.5, and 37.25 µg/mL). The cells were 
maintained in the growth media at 37°C in an atmosphere of 95% air and 5% CO2 for 48 h. 
SDS was used as a positive control. Following incubation, media with or without PHNQ extract 
were removed, and the cells were washed twice gently in pre-warmed (37°C) PBS. MTT (10 
µL) (Molecular Probes, Life Technologies M6494) at 5 mg/mL and 50 µL of growth media 
were added to each well, gently mixed, and the plate was re-incubated at 37oC with 95% air 
and 5% CO2 for another 4 h. The solution in each well was then removed and 100 µL of DMSO 
was added. After a 10 min incubation the absorbance of the solution in each well of the plate 
was determined on a Varioskan™ Flash Multimode Reader at 570 nm, and the results 
interpreted from the absorbance values as a percentage of the viable cells remaining compared 
to the cells-only control. 
7.2.6.2. Determination of cell proliferation effect of PHNQ, echinochrome A and CaCl2 
by MTT assay 
The cells were seeded in 96-well tissue culture plates at a density of 1x104 cells/mL (100 µL 
per well) in growth media. Once cells were at 80-100% confluence, the growth media were 
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changed to treatment media with or without different concentrations of CaCl2, PHNQ extract, 
and echinochrome A, or PHNQ extract with CaCl2, or echinochrome A with CaCl2 (details 
shown in Table 7.2), and cells were grown for 21 d with the media changed every 2-3 d. The 
liquid in each well was then removed and the cells were washed twice gently in pre-warmed 
(37°C) PBS. The MTT was added and the absorbance value was measured as described above. 
The results were reported as percentage of viable cells remaining compared to the cells-only 
control. 
Equation 7.2  Viable cell percentage (%) 
𝑉𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%)  =  
 𝐴𝑠𝑎𝑚𝑝𝑙𝑒  
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
×  100% 
Where A sample is the absorbance of the media with of CaCl2, PHNQ extract, and echinochrome 
A, or PHNQ extract with CaCl2, or echinochrome A with CaCl2 after 21 d incubation; A control 
is the absorbance of the media only, after 21 d incubation. 
 
Table 7.2 Media recipies for Saos-2 cells 
Media name Base media Differentiation agents Sample 










Treatment media (TG) 10 μM dexamethasone 
50 μg/mL L-ascorbic acid 2-
phosphate sesquimagnesium 
salt hydrate 
10 mM β-glycerolphosphate 
pentahydrate disodium salt 
NA 
TG Calcium control  CaCl2 0-4.0 mM 
High concentration of 
echinochrome A  
echinochrome A 62.5 
µg/mL  
Medium concentration of 
echinochrome A 
echinochrome A 31.25 
µg/mL  
Low concentration of E 
echinochrome A 
echinochrome A 15.625 
µg/mL 
High concentration of PHNQ PHNQ 62.5 µg/mL  
Medium concentration of 
PHNQ 
PHNQ 31.25 µg/mL  




7.2.7. Determination of mineralized nodule formation by xylenol orange 
staining  
The effect of PHNQ extract on mineralized nodule formation was determined using the xylenol 
orange staining method (Burrow, 2019; Wang et al., 2006). The cells were seeded on 96-well 
tissue culture plates at a density of 1x104 cells/mL (100 µL) in growth media. Once cells were 
at 80-100% confluence, the growth media were then changed to treatment media with or 
without different concentrations of CaCl2, PHNQ extract, echinochrome A, PHNQ extract with 
CaCl2, or echinochrome A with CaCl2 (Table 7.2) and the cells were grown for 9 d with a 
media change every 2-3 d. On day 10, cells were stained with addition of 0.2 µL10 mM xylenol 
orange in each well (20 μM in the final media) and incubated for further 24 h. After incubation, 
the cells were washed three times with pre-warmed (37°C) PBS before measurement by 
Varioskan™ Flash Multimode Reader. The pre-warmed (37°C) PBS, rather than treatment 
media, was added to each well for measuring by Varioskan™ Flash Multimode Reader, in 
order to eliminate the influence of PHNQ in the treatment media. After measured by 
Varioskan™ Flash Multimode Reader, prior to microscopic examination and photography, the 
PBS was removed, and cultures received fresh medium without xylenol orange fluorochrome 
to avoid production of a non-specific fluorescence background. Then images were recorded for 
further analysis with a Nikon DS-Qi2 Camera fitted with a Nikon (ECLIPSE, Ti2) inverted 
fluorescence (or light) microscope. After that, the cells were incubated until day 14 with a 
media change on day 12. Then the cells were stained on day 14 using the same method as 
described above followed by further washing, measured by Varioskan™ Flash Multimode 
Reader and photography using a Nikon DS-Qi2 Camera fitted with a Nikon (ECLIPSE, Ti2) 
inverted fluorescence (or light) microscope on day 15. Another measurement was carried out 
on day 20 after staining on day 19 and washing on day 20. The results were reported as 
percentage of fluorometric measured of treatment group compared to the cells-only control. 
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Equation 7.3 Mineralized nodule formation determined by plate reader as percentage of 
cells only control (%) 




Where F sample is the fluorometric reading of treatment group, F control is the fluorometric reading 
of cells only control (with excitation and emission wavelengths of 440 and 610 nm, 
respectively). 
7.2.8. Determination of mineralized nodule formation by von Kossa 
staining  
The presence of mineralized nodules observed by xylenol orange staining was further evaluated 
using the von Kossa method (Wang et al., 2006). For the von Kossa silver nitrate staining 
method, the media were removed, and the cells were rinsed twice with deionised water prior to 
being fixed with cold methanol for 15–20 min. After fixation, the cells were rinsed again with 
deionised water. An aliquot (50 µL) of 5% (w/v) silver nitrate was then added and the cells 
were incubated with the silver nitrate for 20 min at room temperature. The staining solution 
was then removed, and the cells were rinsed again with deionised water. The stained plates 
were then inspected visually for nodule formation using an inverted light microscope (Nikon, 
ECLIPSE, Ti2). Photographs of the plates were taken using a Nikon DS-Qi2 Camera fitted to 
the inverted light microscope.  
7.2.9. Image analysis  
Images recorded of mineralized nodule formation assays were analysed by Image J (ImageJ 
bundled with 64-bit Java 1.8.0_112) in a quantitative manner. For the xylenol orange 
fluorescent staining, the image type was set as 8-bit and then the image was inverted before 
calibration and setting the threshold. Then a rectangle was selected from the same position of 
all the images and the percentage of area was measured.  For the von Kossa staining method, 
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RGB stack was run before setting up the threshold and then the image was converted to mask. 
The same size of rectangle was selected from all of the images from the same position and the 
percentage of area (fluorescent staining area/selected rectangle area) was measured. The results 
were reported as percentage of area of treatment group in the image compared to the cells-only 
control. 
Results were reported as percentage of the cells only control. 
Equation 7.4 Mineralized nodule formation determined by image analysis as percentage 
of cells only control (%) 




7.2.10. ProcartaPlex™ multiplex immunoassay for measurement of 
cytokines and MMPs 
The media were collected from MTT assays on day 3, day 12, and day 21. The media from 
each well were collected and stored immediately at -20°C until analysis. Before use, the media 
supernatant was thawed completely at room temperature and then centrifuged at 300 x g for 5 
min at 20°C (Heraeus Multifuge X3R), followed by pipetting off the supernatant into a new 
96-well tissue culture plate (with combining of the replicates) for further analysis. 
Human 10-plex kits (eBioscience, Vienna, Austria) were used according to the manufacturer’s 
recommendations for detecting the presence of IL-1β, -6, -10, -12(p70), TNF-α, MMP-1, 
MMP-3, MMP-8, MMP-9 and MMP-13, as described below. Firstly, an aliquot of 50 µL 
antibody-coated capture beads was added to each well of a 96-well filter plate provided in the 
kit, followed by washing with wash buffer and then adding 50 µL of either an unknown sample 
or a standard (using a 7-point, 4-fold serial dilution). Then the filter plate was incubated with 
shaking at 210 rpm for 120 min at room temperature using a New Brunswick Scientific™ 2000 
platform shaker (New Brunswick scientific, United States). The filter plate was washed three 
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times with wash buffer before the addition of an aliquot (25 µL) of detection antibodies. 
Following a 30 min incubation at room temperature with the detection antibodies, plates were 
washed three times and then, streptavidin phycoerythrin (SA-PE) was added for 30 min with 
shaking.  After three washes, reading buffer (120 µL) was added to each well. The filter plate 
was read using a Bio-Plex 200 System (Bio-RAD, California, USA) plate reader followed by 
data analysis using the software provided by the manufacturer. The standard curve 
concentration range is shown in Table 1 in appendix VI and the standard curve for each 
cytokine is shown in Figure 1 in appendix VI.  
7.2.11. Statistical analysis 
The data were analysed using analysis of variance (ANOVA) using Minitab 17.0 Software 
(Minitab Pty Ltd, Sydney, Australia). One-way ANOVA were used to assess the effect of 
PHNQ, echinochrome A and CaCl2 concentration at a given time on the cytotoxicity to Saos-2 
cells. One-way ANOVA were used to determine the effect of concentrations on the stability of 
PHNQ. The general linear model protocol was used to determine the effects of the PHNQ, 
echinochrome A and CaCl2 concentrations and different time points on the mineralization 
effect on Saos-2 cells. The results are reported as mean ± standard error of the mean and 
significant differences among the means were determined using Tukey’s honesty test at p-value 
< 0.05. Data is from at least three independent experiments.   
7.3. Results and discussion  
7.3.1 PHNQ stability in cell culture media  
The stability of PHNQ extract at 62.5 µg/mL in cell culture media was first evaluated at room 
temperature as a preliminary experiment. The absorbance of cell culture media containing 
PHNQ extract under natural light was decreased by about one third compared to the initial 
201 
 
absorbance (Figure 7. 3), while the absorbance of the PHNQ in the dark decreased about 10% 
after 72 h.  
Compared with the earlier stability study reported in chapter 4, PHNQs were found to be more 
stable in cell culture media than in methanol solution. It should be noted that the different 
concentration of PHNQ extract in the two testing systems (62.5 µg/mL PHNQ extract in media, 
compared to 1 mg/mL in methanol) might have contributed to the difference in stability.  
As discussed in chapter 4, the impact of natural light on the stability of PHNQ has been 
considered as one of the significant parameters that can cause degradation of PHNQ, even 
though it was in a cell culture media system. Thus, the PHNQ sample preparation should be 
carried out to avoid light as much as possible. The majority of PHNQ (88%) was still stable in 
the cell culture media after 72 h in the dark. 
 
 
Figure 7.4. The stability of PHNQ extract in cell culture media 
 
The percentage of the original absorbance at 340 nm of (A) PHNQ extract (in cell culture media at the 
concentration of 62.5 µg/mL) at different time points in medium at room temperature either in the dark 
or under the light. Means with different letters for the group under light (a-f) and in the dark (A-F) are 
























































Table 7.3. The stability of PHNQ extract in cell culture media under cell culture 
conditions in the presence of CaCl2* 
CaCl2 (mM)/ PHNQ 
concentration (µg/mL) 15.625(Low) 31.25(Medium) 62.5(High) 
Ca 0 mM 73.86±14.98a 67.21±10.98b 84.38±4.93b 
Ca 0.5 mM 77.93±17.65a 80.90±10.71ab 71.46±3.26ab 
Ca 1.0 mM 69.99±8.80a 73.67±3.71ab 74.91±3.46b 
Ca 1.5 mM 68.33±19.98a 68.66±8.92b 57.13±5.27b 
Ca 2.0 mM 66.30±22.70a 68.00±7.99b 80.85±7.68b 
Ca 2.5 mM 66.19±16.93a 70.00±10.38ab 63.87±8.10b 
Ca 3.0 mM 65.41±16.98a 68.26±13.20b 86.25±13.73b 
vehicle control 103.2±5.05a 106.77±3.19a 106.24±8.03a 
 
* Percentage of original absorbance (%) was calculated based on the equation in section 7.24. PHNQ 
extract (in cell culture media) at high, medium or low concentrations, with different amounts of CaCl2, 
at 37°C in an atmosphere of 95% air and 5% CO2 in the dark after 72 h incubation. Means with different 
letters within the same column are significantly different (p < 0.05). Each value is presented as mean ± 
SD (n = 3). 
 
Considering that PHNQ extracts were incubated at 37°C, under an atmosphere of 95% air and 
5% CO2 with Saos-2 cells at the presence of CaCl2, the stability of PHNQ extracts was 
examined under cell culture conditions in the presence of CaCl2. Because the media were 
changed every two to three days (as described in sections 7.2.5 and 7.2.6), the incubation time 
was set as 72 h. After 72 h incubation, the absorbance of the PHNQ extract decreased by about 
one third in both the high and medium PHNQ concentrations (Table 7.3) in media. With the 
lowest PHNQ concentration (15.625 µm/mL) in media, there was more variation but at least 
60% of the original absorbance was retained after incubation (Table 7.3). The amount of CaCl2 
present in the culture media did not have any effect on the stability of PHNQ extract in the cell 
culture media. 
It is important to note that the stability of echinochrome A and PHNQ extract in the presence 
of calcium should be taken into consideration in the following experiments. According to a 
previous study (Lebedev et al., 2003), at alkaline pH, the addition of calcium ions to 
echinochrome A aqueous solution led to an increase in the auto-oxidation rate. The authors 
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suggested that complexing of Ca2+ leads to a decrease in the dissociation constant of PHNQs 
(Lebedev et al., 2003). In the presence of Ca2+, PHNQs are present in polyvalent anion forms 
in the aqueous solution. In the polyvalent anion form, PHNQs are sensitive to oxygen and are 
more likely to be auto-oxidised (Lebedev et al., 2003). Lebedev et al. (2001) also suggested 
that the addition of Ca2+ to PHNQs (echinochrome A) led to the formation of stable calcium-
semiquinone adducts, that would potentially shift the oxidation-reduction equilibrium to the 
oxidation side. It should be noted that in the study of Lebedev et al. (2003), when the pH was 
under 7.5, the rate of echinochrome A oxidation was still very low compared to that occurring 
at higher pH. The stability of PHNQ extract with different concentrations of CaCl2 showed that 
the majority of the PHNQs remained in solution in the media under the cell culture conditions 
and therefore should be available to affect biological activity.  
The UV spectra generated from the pigment extracts had maxima at 270, 340, and 475 nm 
(Figure 3.4, chapter 3). The wavelength of 340 nm was chosen in this study rather than 475 nm 
to avoid absorbance contribution of the media, as the media was pink coloured which has 
absorbance at around 475 nm. Although HPLC analysis is more specific than UV spectra for 
the analysis of PHNQ compounds due to the fractionation achieved, the recovery of PHNQs 
from media was not effective using organic solvent extraction. Overall, the majority of the 
PHNQ remained in the media under the cell culture conditions and would be still available to 
exert biochemical effects.  It is worth mentioning that some previous studies treated different 
cells (HeLa cells and embryonic cells of the sea urchin S. nudus) with PHNQs (Brasseur et al., 
2017; Vasileva and Mishchenko, 2017), but they did not test the stability of the PHNQ in their 








7.3.2. Cytotoxicity of PHNQ extract 
In vitro cytotoxicity assays measure whether a test compound is toxic to cells in culture by 
determining the number of viable cells remaining after an incubation period. In the present 
study, viable cells were determined using the MTT assay that relies on the ability of 
mitochondrial dehydrogenases to oxidize a thiazolyl blue tetrazolium bromide compound 
(MTT; 3‐[4,5‐dimethylthiazol‐2‐yl]‐2,5‐diphenyltetrazolium bromide) to an insoluble blue 
formazan product.  
As shown in Figure 7.4, the viable cell percentage for 1000 µg/mL PHNQ was significantly 
lower than that of the control groups when the cells were cultured for 48 h duration (p < 0.05). 
PHNQ extract at this concentration reduced the mean viable cell percentage to 57.16% of the 
control, which was considered as toxic to Saos-2 cells. The PHNQ extract at a final 
concentration below 500 µg/mL was found to be not toxic towards Saos-2 cells after 48 h 
incubation, indicating that that up to this concentration could be used for the evaluation of the 





Figure 7.5. Viable cell percentage of Saos-2 cells treated with different concentrations of 
PHNQ extract as determined using the MTT assay after 48 h incubation 
 
Data represent the mean ± standard deviation of three independent replicates. Means with different 
letters for the group under light (a-f) and in the dark (A-F) are significantly different (p < 0.05). Means 
with different letters for the group with different concentrations are significantly different (p < 0.05). 
DMSO (3.725% v/v) was used as solvent control. Sodium dodecyl sulfate (SDS) at 10% (w/v) in final 
media was used as a positive control, for which no viable cells were observed after 48 h incubation. 
Each value is presented as mean ± SD (n = 3). 
 
At concentrations of PHNQ extract from 62.5 to 250 µg/mL, the number of viable cells was 
significantly higher than the number of control cells (p < 0.05) after 48 h incubation. However, 
preliminary experiments showed that after 15 d incubation, very few viable cells were observed 
microscopically in the 125 and 250 µg/mL treatment groups, showing that at these 
concentrations, PHNQ may still be toxic to Saos-2 cells over long-term incubation. Therefore, 
62.5 µg/mL was chosen as the highest treatment concentration of PHNQ extract , along with 
31.25 and 15.625 µg/mL PHNQ extract for the following experiments. Considering that the 
mineralized nodule formation assay takes up to 21 d, a further MTT assay was carried out at 
21 d of incubation to determine the effect of PHNQ, echinochrome A and CaCl2 on the growth 
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7.3.3. The effect of CaCl2, PHNQ and echinochrome A on the 
proliferation of Saos-2 cells after 21 d treatment 
As reported in Figure 7.5 A, a range of 0–4.0 mM CaCl2 was applied to the Saos-2 cells. CaCl2 
showed no cytotoxic effect on Saos-2 cells after 21 d at increasing doses and most groups were 
comparable to the cells only control. The treatment groups at the concentrations of 2.0 mM and 
2.5 mM exhibited an increase in the number of viable Saos-2 cells after 21 d incubation (about 
1.5 fold increase compared to the control group, p < 0.05). Burrow (2019) from the same lab 
tested the effect of CaCl2 (0–4.0 mM) on Saos-2 cells over three days and found that it was not 
cytotoxic. In previous studies investigating the cytotoxicity of CaCl2, Shih et al. (2014) found 
that no significant cytotoxicity was observed when MG-63 cells were treated with 100 µM 
CaCl2 for three days, and Cao, Chen, and Schreyer (2012) found that Schwann cells (RSCs 96, 
CRL 2765) were damaged after treatment with 1 M CaCl2 for 5-30 mins.  
Echinochrome A exhibited a cytotoxic effect on Saos-2 cells in a dose-dependent manner 
within the test concentrations (Figure 7.5 B), and the higher concentration resulted in higher 
cytotoxicity effect to cells. Only 8.61% of the cells remained viable after 21 d incubation with 
the highest concentration (62.5 µg/mL) of echinochrome A, and about 44.1% remained viable 
after treatment with 31.25 µg/mL of echinochrome A. With the lowest concentration of 
echinochrome A, 86.8% of the cells remained viable and hence could be considered not toxic 
to Saos-2 cells. Sung et al. (2014) found that echinochrome A did not exhibit significant (p < 
0.05) toxicity on A7r5 cells (rat aortic vascular smooth muscle cell line) and H9c2 cells (rat 
cardiomyoblasts) up to 100 μM (26.6 µg/mL) for 24 h. Although this concentration is lower 
than the highest and medium concentrations used in the present study, the exposure time was 
shorter. It should be noted that the authors did not test the stability of echinochrome A in media 
under their cell culture conditions, but they tested the cytotoxicity of an ‘exhausted’ form of 
echinochrome A, prepared by exposing echinochrome A to air and light for 48 h without any 
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ROS-scavengers.  It was found that there was no difference in cytotoxicity on either A7r5 cells 
or H9c2 cells in the presence of up to 50 μM exhausted echinochrome A.   
In the present study, the PHNQ extract did not show any cytotoxicity after 21 days of 
incubation at all test concentrations (62.5 µg/mL, 31.25 µg/mL and 15.625 µg/mL). Therefore, 
all subsequent experiments were performed with PHNQ extract at these concentrations. PHNQ 
extract showed a proliferation effect in a dose-dependent manner, as the lowest concentration 
of PHNQ extract exhibited a better proliferation effect, and the highest concentration of PHNQ 
extract increased the viable cell number 1.5 fold, while the lowest concentration of PHNQ 
extract increased the viable cell number 2.5 fold compared to the cells only control. The lowest 
and medium PHNQ extract concentrations increased cell growth significantly compared to the 
control (p < 0.05).  The reason why echinochrome A exhibited cytotoxicity towards the Saos-
2 cells is unclear, but according to the HPLC profile (Figure 4.10 A in chapter 4), the 
concentration of echinochrome A in PHNQ extract was lower than echinochrome A standard. 
In addition, the result implies that other compounds (spinochromes or non-PHNQ compounds) 











Figure 7.6. Viable cell percentage of Saos-2 cells treated with different concentrations of 
CaCl2 (A), echinochrome A and PHNQ (B), as determined using the MTT assay after 
21days of incubation 
Data represent the mean ± standard deviation of three independent replicates. Means with different 
letters are significantly different (p < 0.05), determined by one-way ANOVA. Sodium dodecyl sulfate 
(SDS) at 10% (w/v) in final media was used as a positive control (no viable cells were evident). EchA 
refers to echinochrome A, with H: 62.5 µg/mL; M: 31.25 µg/mL; 15.625 µg/mL. PHNQH, PHNQM 
and PHNQL refer to PHNQ at concentrations of. 62.5 µg/mL, 31.25 µg/mL and 15.625 µg/mL, 






































































The determination of the cytotoxicity of PHNQs from other species of sea urchins has been 
reported previously in the literature (Brasseur et al., 2017; Vasileva and Mishchenko, 2017). 
Because PHNQs have been interesting candidates for potential effects on human health, a 
previous study investigated the cytotoxicity of PHNQs on human HeLa cells (Brasseur et al., 
2017) to evaluate the possibility of future pharmacological application. PHNQ extracted from 
the Indian Ocean sea urchin Echinometra mathaei (Blainville, 1825) was tested in the study of 
Brasseur et al. (2017). The results showed a slight decrease in cell viability at high 
concentrations; only spinochrome E was classified as a moderate cytotoxic compound (EC50 < 
90 μg/mL), while other PHNQs such as spinochrome B, spinochrome A and echinochrome A 
were found to exhibit less toxicity (EC50 < 120 μg/mL) (Brasseur et al., 2017).  However, it is 
worth noting that the cells were exposed to these isolated PHNQs for 24 hours. This result is 
not consistent with the study of Sung et al. (2014), which used commercial histochrome as the 
test compound. In addition, different cell lines may react differently to the same compound. 
Vasileva and Mishchenko (2017) investigated the toxicity of various PHNQs (echinochrome 
A, echinamines A and B, and spinochromes A and B) against sea urchin egg cells and obtained 
IC values ranging between 10 and 100 µg/mL, depending on the stage of development of the 
cells. From this study, the cytotoxic activity of the PHNQs were ranked as echinochrome A > 
echinamines A and B > spinochromes A and B.  
The crude PHNQ extract obtained from E. chloroticus spine using ethyl acetate was separated 
into eight fractions by HPLC and eight PHNQ compounds were identified including 
spinochrome B, spinochrome E, and echinochrome A, and at lower abundancy, spinochrome 
C, spinochrome A, amino analogue spinamine E, and echinamines A and B (chapter 4, Figure 
4.7). In the present study, the concentration of PHNQ extract that was toxic to Saos-2 cells was 
found to be lower than that of echinochrome A, indicating that spinochromes and amino 
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PHNQs are less cytotoxic than echinochrome A, but further investigation should be carried out 
to find out the mechanism of the toxic effect of PHNQs on human cells.  
It is very important that PHNQ in the testing concentrations did not show any cytotoxic effect 
on the Saos-2 cells. The in vitro cytotoxicity assessment was simpler, faster and less expensive 
than their in vivo counterparts to either human or animals were. By being non-toxic to Saos-2 
cells, it indicated that PHNQ extracts may be non-toxic to osteoblastic cells, which suggests 
the possibility for further investigation of whether they have the potential for use as therapeutic 
agents for bone health. However, further animal trials are still needed in the future to validate 
the toxicity of PHNQ extract.  
7.3.4. Effect of adding CaCl2 with echinochrome A and PHNQ on 
cytotoxicity   
In the mineralization assays, the effect of echinochrome A and Ca ions, or of PHNQ and Ca 
ions was evaluated. CaCl2 can supply Ca ions for mineralization of bone and previous studies 
have clearly indicated that an elevated concentration of calcium is vital for the mineralization 
process (Chang et al., 2000). It would be worth finding out whether there is an effect on 
cytotoxicity of adding Ca to echinochrome A and PHNQ extracts. As it is shown in Figure 7.6, 
adding calcium increased the number of viable cells at high and medium concentration but did 
not show any effect at low concentration for echinochrome A. For high concentrations of 
echinochrome A, adding 1.0 and 1.5 mM CaCl2 exhibited less cytotoxicity compared to other 
groups, but the viable cell percentage was under 50%, which is considered to be toxic and 
unacceptable. For medium concentrations of echinochrome A, adding CaCl2 brought the viable 




The number of viable cells decreased after adding CaCl2 with PHNQ at all three PHNQ 
concentrations (Figure 7.6 B). However, treatment with PHNQ and CaCl2 did not cause any 
cytotoxicity to Saos-2 cells.   
 
 
Figure 7.7. Viable cell percentage of Saos-2 cells treated with echinochrome A (A) and 
PHNQ extract (B) with different concentrations of CaCl2, as determined using the MTT 
assay after 21 d incubation. 
Data represent the mean ± standard deviation of three independent replicates. Columns with different 
letters are significantly different (p < 0.05) for different concentration of echinochrome A or PHNQ, 
determined by one-way ANOVA. Sodium dodecyl sulfate (SDS) at 10% (w/v) in final media used as a 
positive control, where there were no viable cells evident. Cytotoxicity of PHNQ on Saos-2 cells was 
measured by MTT assay (H: 62.5 µg/mL; M: 31.25 µg/mL; L:15.625 µg/mL).  Each value is presented 























































































































7.3.5. Effect of CaCl2 on mineralization of Saos-2 cells  
The mineralization of extracellular matrix and the formation of mineralized nodules is 
indicative of the final stages of osteoblast differentiation (Muthusami et al., 2011). 
Mineralization of the matrix synthesized by a monolayer of Saos-2 cells was analysed with the 
xylenol orange and the von Kossa staining methods. Calcified tissue formation was clearly 
observed by eye after 10 days of culture with CaCl2 and representative examples of mineralized 
nodule formation stained by xylenol orange and von Kossa at day 20 is shown in Figure 7.8. 
In the study of Chang et al. (2000), it was shown that the onset of mineralization starts around 
6 to 8 days after the rise in detectable calcium in the cell layer.  The results showed that the 
control group (cells only) had very weak fluorescent staining, which was comparable to the 
von Kossa staining (the first column in Figure 7.8), and the staining intensity increased as the 
calcium concentration increased.  
The correlation between plate reader data (Figure 7.7A) and image analysis data (Figure 7.7 B) 
for fluorescent staining was high (r=0.934, p < 0.001). The fluorescent staining method (Figure 
7.7 B) and the von Kossa staining method (Figure 7.7 C) had the same trend (r=0.971, p < 
0.001) (correlations among data obtained were calculated using Pearson's correlation 
coefficient r). Despite the disadvantage of the von Kossa staining method requiring the 
termination of cells (stated in section 7.1.3), it is still considered as the standard method to 
visualize mineralization in osteoblast cells (Ayoub et al., 2009; Graef et al., 2018). The high 
correlation between the xylenol orange fluorescent staining method and the von Kossa method 
further confirmed the reliability of the fluorescent staining method. This enabled the 
observation of mineralization in living cell cultures at different time points (day 10, day 15, 
and day 20). In the following study, the plate reader data were used to quantitatively analyse 
213 
 
the mineralization effect. The mineralized nodule formation was further confirmed with images 
from the von Kossa and fluorescent staining methods.  
The effect of time and CaCl2 concentration on the formation of mineralized nodules is 
presented in Figure 7.7A. Treatment of the cells with calcium increased the mineralization in 
a time-dependent manner and there was a significant difference in the formation of mineralized 
nodules between different time points (p < 0.05). CaCl2 showed the highest mineralization 
effect on day 21 and lowest effect on day 10. Treatment with CaCl2 increased the mineralized 
nodules in a dose dependent manner at concentrations of 1.5-3.0 mM (Figure 7.7 A) and 
increased in a dose dependent manner at concentrations of 1.5-2.5 Mm (Figure 7.7. B). When 
the CaCl2 concentration was above 3.0 mM (at 3.5 mM and 4.0 mM), no more mineralized 


















































Figure 7.8. Formation of mineralized nodules by Saos-2 cells treated with different 
concentrations of CaCl2  
 (A) Measured as a percentage of control (With excitation and emission wavelengths of 440 and 610 
nm, respectively), after staining with xylenol orange (at 20 μmol for 24 h) at different time points. (B) 
Measured as a percentage of control after staining with xylenol orange (at 20 μmol for 24 h) at different 
time points (Quantitative image analysis by Image J). (C) Measured as a percentage of control after 
staining with von Kossa (Quantitative image analysis by Image J). Data represent the mean ± standard 
deviation of three independent replicates. Means with different letters are significantly different 
(p<0.05), determined by one-way ANOVA using Tukey’s honesty test at p-value < 0.05. Cells only 
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Figure 7.9. Representative examples of stained images of the formation of mineralized 
nodules by Saos-2 cells treated with CaCl2 at 1, 2, 3, 4 mM. 
Cells stained with either xylenol orange (at 20 μmol for 24 h) at day 20 or using the von Kossa method 
(silver nitrate) at day 21. Images were taken with a Nikon DS-Qi2 Camera fitted to a Nikon (ECLIPSE, 





Yamauchi et al. (2005) reported a stimulatory effect of calcium (2.8-3.8 mM) in the 
mineralization process of MC3T3-E1 cells. The authors found that mineralization of mouse 
osteoblast MC3T3-E1 cells increased in a dose-dependent manner when the cells were exposed 
to high calcium (2.8 and 3.8 mM) compared with a control-level treatment (1.8 mM) 
(Yamauchi et al., 2005). A previous study also showed that high calcium induced both a 
chemotaxis effect and proliferation of MC3T3-E1 cells (Sugimoto et al., 1993). A pilot study 
undertaken by Chang et al. (2000) showed that maximum mineralization occurred when the 
medium was supplemented with a final concentration of 3.95 mM Ca2+ for rat calvarial 
osteoblast-like cells. These results are similar to those obtained in the present study even though 
the cell lines used were not the same. Bone formation is initiated by the migration of pre-
osteoblasts into resorption pits at the end of osteoclast bone resorption. Large amounts of 
calcium are released from the mineralized bone matrix during osteoclast resorption, raising the 
level of calcium in the vicinity of resorption sites (Yamauchi et al., 2005). It is possible that 
the extracellular calcium-sensing receptor, which is expressed in various bone marrow-derived 
cell lines and plays an important role in stimulating their proliferation and chemotaxis, could 
sense the high level of calcium, thereby providing a signal for new bone nodule formation 
(Yamauchi et al., 2005).  
According to the literature, the onset of mineralization starts around 10 days after reaching 
confluence (Change et al., 2000; Yamauchi et al., 2005), so in the present study day 10 was 
used as the first time point to measure the effect of mineralized nodule formation. Wang et al. 
(2006) found that suitable nodule identification was possible beyond day 15. Some natural 
products such as Puerariae radix extract have been reported to induce mineralized nodule 
formation at 14 days incubation of Saos-2 cells (Huh et al., 2006). Thus in the present study, it 
was decided to use day 10, day 15 and day 20 time points at which to analyse the formation of 
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mineralized nodules of different samples, but only day 20 was analysed with the von Kossa 
staining method because it requires cell termination and fixation.  
7.3.6. Effect of PHNQ extract and echinochrome A on mineralization of 
Saos-2 cells  
The mineralized nodule formation in Saos-2 cells cultured in treatment medium with 
echinochrome A or PHNQ extract at different time points is shown in Figure 7.9. On day 15 
and day 20, the presence of the medium concentration (31.25 µg/mL) of echinochrome A 
showed a comparable mineralization effect to that of the control (cells only) group, while the 
lowest and highest concentrations of echinochrome achieved a significantly lower 
mineralization than the cells-only control (p < 0.05) (Figure 7.9 A).  
Treatment with PHNQ extract did not change the mineralization nodule formation on day 20 
(P < 0.05) for all PHNQ concentrations tested. The low and medium concentration groups had 
a tendency to increase the mineralization, and the high concentration group had a tendency to 
decrease mineralized nodule formation in Saos-2 cells. It is worth mentioning that based on the 
proliferation experiment, the numbers of Saos-2 cells were increased when treated with low or 
medium concentrations of PHNQ extract. In addition, the lowest mineralized nodule formation 
effect was observed with the highest concentration of PHNQ extract at all three time points, 
but it showed a significant decrease only on day 15 (p < 0.05) (Figure 7.9 B). Stained images 
of the formation of mineralized nodules by Saos-2 cells treated with highest, medium, and 
lowest concentrations of PHNQ extract and control (cells-only) are shown in Figure 7.10. The 
images showed there were more mineralized nodules stained by von Kossa for PHNQ with the 






Figure 7.10. Formation of mineralized nodules by Saos-2 cells treated with different 
concentrations of (A) Echinochrome A (B) PHNQ extract. 
Measured as a percentage of control (with excitation and emission wavelengths of 440 and 610 nm, 
respectively), after staining with xylenol orange (at 20 μmol for 24 h). Data represent the mean ± 
standard deviation of three independent replicates. Means with different letters on the same time point 
are significantly different (p < 0.05), as determined one-way ANOVA using Tukey’s honesty test at p-
value < 0.05. Cells-only were used as a control (EchAH: 62.5 µg/mL echinochrome A; EchAM: 31.25 
µg/mL echinochrome A; EchAL: 15.625 µg/mL echinochrome A; PHNQH: 62.5 µg/mL PHNQ; 
PHNQM: 31.25 µg/mL PHNQ; PHNQL: 15.625 µg/mL PHNQ). Each value is presented as mean ± SD 



























































































Figure 7.11. Representative stained images of the formation of mineralized nodules by 
Saos-2 cells treated with different concentrations of PHNQ extract and cells-only 
control 
Stained with either xylenol orange (at 20 μmol for 24 h) at day 20 or using the von Kossa method (silver 
nitrate) at day 21. Images were taken with a Nikon DS-Qi2 Camera fitted to a Nikon (ECLIPSE, Ti2) 
inverted fluorescent (or light) microscope. An exposure time of 166 ms was used for xylenol orange. 




PHNQs belong to a family of naphthoquinone compounds that each contain several hydroxyl 
groups. Vitamin K also comprises a family of naphthoquinones, and has been used as a therapy 
to prevent bone mineral loss and reduce risk of fracture in osteoporotic patients (Zittermann, 
2001). Vitamin K1 has been shown to retard bone loss and improve bone health in human trials 
(Hart et al., 1985; Lancaster, 2015; Zittermann, 2001). Vitamin K2 has been demonstrated to 
have the effect of osteoporosis prevention and has been clinically utilized. It exerts its 
protective effects by promoting osteoblast differentiation and mineralization (Zhu et al., 2017). 
Menaquinone-7, a derivative of vitamin K2 containing seven isoprene units, was found to 
promote osteoblast bone formation in vitro, and there was a significant increase in alkaline 
phosphatase activity, DNA content, and calcium content in osteoblast Saos-2 cells (Zhu et al., 
2017). The results indicate that menaquinone-7 has a stimulatory effect on osteoblast Saos-2 
cells in vitro. In another study, Yamaguchi et al. (2001) showed that protein content, alkaline 
phosphatase activity, osteocalcin and DNA content in osteoblast MC3T3-E1 cells after 
culturing for 24 h in a serum-free medium containing menaquinone-7 at 10–7–10–5 M were 
significantly increased. Similar to vitamin K, PHNQ extracts had a tendency to increase 
mineralized nodule formation compared to that of cells only. However, echinochrome A was 
found to decrease the mineralized nodule formation (Figure 7.9 A). The mechanism behind the 
effect needs further investigation. It is important to note that the decrease in the formation of 
mineralized nodules was only observed with the echinochrome A group but not the PHNQ 
extract group (Figure 7.9). The inhibition effect of echinochrome A on mineralized nodule 




Recent studies have indicated an association between ROS-induced oxidative stress and the 
detrimental effects on bone-forming osteoblasts (Thanh et al., 2015). Oxidative stress was 
found to be one of the most important contributors to the pathogenesis of osteoporosis via its 
role in detrimental effects such as oxidative stress on bone-forming osteoblasts. However, even 
though PHNQ compounds exhibit antioxidant activity (chapter 6), it should be noted that the 
antioxidant activity of the PHNQ extract cannot solely explain the mechanism of the 
mineralized nodule formation effect. Echinochrome A had a higher antioxidant activity 
compared to the PHNQ extract (chapter 6), whereas it did not increase the mineralized nodule 
formation effect on Saos-2 cells. Therefore, further investigation should be carried out to find 
out the mechanism of mineralized nodule formation effected by the PHNQ extract.  
7.3.7. Effect of PHNQ on mineralization in the presence of CaCl2 
According to the results obtained for the effect of CaCl2 on mineralization of Saos-2 cells, it 
appears that CaCl2 acts as a stimulator in a dose-dependent manner between 1.5 and 2.5 mM 
on mineralized nodule formation. This result is consistent with reports in the literature (Chang 
et al., 2000). Calcium is the principal mineral present in the human body and 99% (nearly 2.5 
kg) of calcium in the body is found in bones, making it the most important mineral in 
maintaining bone health (Rao et al., 2007). Therefore, calcium, as the mineral precursor, plays 
a vital role in the process of formation of mineralized nodules. Even though in α-MEM media, 
there is small amount of calcium (200mg CaCl2 /L) as a nutrient for cell normal growth, it is 
of interest to find out whether additional calcium supplementation with PHNQ extract would 
increase mineralized nodule formation in Saos-2 cells.  
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According to the results shown in Figure 7.9 B, PHNQ extracts at three different concentrations 
did not have a significant effect on mineralized nodule formation compared with the cells only 
control (P < 0.05). In addition, treatment with CaCl2 increased mineralized nodules in a dose 
dependent manner at concentrations in the range of 1.5 to 2.5 mM as mentioned in a previous 
section (Figure 7.7 A). How adding 1.5-2.5 mM CaCl2 to different concentrations of PHNQ 
affects the mineralized nodule formation in Saos-2 cells was studied. It should be noted that 
although sea urchin shell and spine is composed of mainly mineral, the PHNQs were extracted 
with organic solvent and hence only a trace amount of calcium would have been present in the 
PHNQ extract. The concentration of calcium in media containing the highest concentration of 
PHNQ extract was determined to be below 0.17 µM (Table 1 in appendix VII).  
In the absence of calcium, the high concentration of PHNQ did not show any increase in 
mineralized nodule formation at all three time points (day 10, day 15 and day 20, Figure 9B), 
even though at this concentration, the PHNQ extract did not show any cytotoxicity to Saos-2 
cells. When 1.5 mM CaCl2 was added to this level of PHNQ extract in the media, a significant 
increase in mineralization from 81.73±9.13% (relative fluorescence units) to 270.74±84.88% 
on day 10, 83.83±16.28% to 306.82±122.61% on day 15 and 103.01±20.04% to 403.20±140.14% 
on day 20 was obtained (Figure 7.11 A). Such a two to three-fold amplification of 
mineralization caused by adding a supplement of 1.5 mM calcium was confirmed by an 
increased fluorescence staining and von Kossa staining on day 20 (Figure 7.13). 
Supplementation with 2.0 and 2.5 mM CaCl2 also resulted in amplification of mineralization 
compared with PHNQ only group, but it should be noted that 2.0 and 2.5 mM CaCl2 alone also 
had a significant stimulation effect on the mineralized nodule formation compared to control. 
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Thus, there is no augmentation effect of CaCl2 at the concentrations of 2.0 and 2.5 mM in the 
presence of PHNQs.  
When 2.0 mM CaCl2 was added and co-incubated with a medium concentration of PHNQ 
extract, a significant amplification of mineralization on day 15 (167.74%) and a non-significant 
increase on day 20, as reflected by an increase in fluorescent staining as measured by plate 
reader was observed.  
For the low concentration of PHNQ, adding 1.5 mM CaCl2 caused a significant increase (p < 
0.05) in the mineralized nodule formation on day 10 and day 15, which was 136.96% and 
156.22%, respectively (Figure 7.12 D). Supplementation with 2.0 and 2.5 mM CaCl2 also 
enhanced mineralization, but the effect of low concentration of PHNQ adding 2.0/2.5 mM 






Figure 7.12 Formation of mineralized nodules by Saos-2 cells treated with PHNQH and 
different concentration of CaCl2 
(A) PHNQH + 1.5 mM CaCl2 (B) PHNQH + 2.0 mM CaCl2 (C) PHNQH + 2.5 mM CaCl2 (compared 
with PHNQ extract alone and CaCl2 alone. Measured as percentage of control (with excitation and 
emission wavelengths of 440 and 610 nm, respectively), after staining with xylenol orange (at 20 μmol 
for 24 h). Data represent the mean ± standard deviation of three independent replicates. Means with 
different letters are significantly different (p <0.05), as determined by one-way ANOVA using Tukey’s 
honesty test at p-value < 0.05. (PHNQH: PHNQ at the concentration of 62.5 µg/mL). Each value is 



























































































































































































































































Figure 7.13. Formation of mineralized nodules by Saos-2 cells treated with PHNQM 
and PHNQL with added different concentrations of CaCl2 
(A) PHNQM + 1.5 mM CaCl2 (B) PHNQM + 2.0 mM CaCl2 (C) PHNQM + 2.5 mM CaCl2 (D) PHNQL 
+ 1.5 mM CaCl2 (E) PHNQL + 2.0 mM CaCl2 (F) PHNQL + 2.5 mM CaCl2 compared with PHNQ 
extract alone and CaCl2 alone. Measured as percentage of control (with excitation and emission 
wavelengths of 440 and 610 nm, respectively), after staining with xylenol orange (at 20 μmol for 24 h). 
Data represent the mean ± standard deviation of three independent replicates. Means with different 
letters are significantly different (p<0.05), as determined by one-way ANOVA using Tukey’s honesty 
test at p-value < 0.05. Cells only (CaCl2 =0 mM) at day 10 used as a control (PHNQM: PHNQ at the 
concentration of 31.25 µg/mL; PHNQL: PHNQ at the concentration of 15.625 µg/mL). Each value is 





















































































































Figure 7.14. Representative stained images of the formation of mineralized nodules by 
Saos-2 cells treated with PHNQH, CaCl2 and PHNQH + CaCl2 
 
Stained with either xylenol orange (at 20 μmol for 24 h) at day 20 or using the von Kossa method (silver 
nitrate) at day 21. Images were taken with a Nikon DS-Qi2 Camera fitted to a Nikon (ECLIPSE, Ti2) 
inverted fluorescent (or light) microscope. An exposure time of 166 ms was used for xylenol orange. 








7.3.8. Effect of PHNQ and supplementation with CaCl2 on levels of 
cytokines and MMPs in Saos-2 cells   
Both CaCl2 and PHNQ extract acted synergistically in mineralized nodule formation in Saos-
2 cells as shown in section 7.3.7. Media from cell culture were collected during the 
mineralization experiment for the days where increased mineralization were seen, and the 
samples were analysed for the presence of cytokines and matrix metallopeptidases (MMPs) 
known to be associated with mineralization. The analysis was conducted for a range of 
cytokines including IL-1β, IL-10, IL-12p70, IL-6, and TNF-α and several MMPs including 
MMP-1, MMP-3, MMP-8, MMP-9, and MMP-13, but only IL-6 and MMP-8 were detected 
while the others were too low to be detected.  
The Saos-2 cells treated with PHNQH (High concentration of PHNQ: 62.5 µg/mL ), 1.5 mM 
CaCl2, or PHNQH + 1.5 mM CaCl2, had an undetectable or a very low level of IL-6 on day 3 
and day 21, but on day 12, the concentration of IL-6 protein was relatively higher (Figure 7.14 
A). Previous studies have reported that the level of IL-6 in Saos-2 cell incubations in 
differentiation media for up to 14 days was undetectable by using multiplex immunoassays 
(Mussano et al., 2017). They found that Saos-2 cells showed very low expression levels of the 
molecules including IL-2, IL-6, IL-8, IL-10, IL-12, and TNF-α in both differentiation media 
and control (growth) media. Podzimek et al. (2016) also found that the cell line Saos-2 
produced a wide spectrum of cytokines but the production level was low.  
The current study also shows that the Saos-2 cells have an overall poor profile of those pro- 
and anti-inflammatory cytokines, which is consistent with the previous studies (Mussano et al., 
2017; Podzimek et al., 2016). PHNQH + 1.5 mM CaCl2 treatment increased the IL-6 expression 
at day 12, compared with PHNQH alone, or 1.5 mM CaCl2 alone treatment. The role of IL-6 
on bone nodule formation is complex and both in vivo and in vitro effects are still conflicting 
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(Franchminont, Wertz & Malaise, 2005). A recent in vitro study showed that a high 
concentration of IL-6 (up to 1800 pg/mL) promoted the proliferation and migration of Saos-2 
cells (Hu et al., 2014) but the concentration of IL-6 in the current study was far below this level. 
Koyama et al. (2008) found mechanical stress caused an inflammatory response in periodontal 
tissues by increasing the IL-6 protein in Saos-2 cells to between 10 to 20 pg/mL, a level that is 
close to the current study, indicating that treatment with PHNQH + 1.5 mM CaCl2 could cause 
inflammation to Saos-2 cells.  
The amount of MMP-8 from Saos-2 cells treated with either PHNQH, 1.5 mM CaCl2 or 
PHNQH + 1.5 mM CaCl2 was similar to that of the cells only control on day 3 and day 12 
(Figure 7.14B), but an increase in MMP-8 protein level was observed in the mineralized Saos-
2 cell culture treated with PHNQH + 1.5 mM CaCl2 (Figure 7.14 B). This indicated that PHNQ 
and CaCl2 synergistically increased mineralization in Saos-2 cells by increasing the MMP-8 
level on day 21.  Karsdal, Andersen, Bonewald, and Christiansen (2004) found that the 
synthetic MMP inhibitor GM6001 inhibited in vitro bone formation of both primary osteoblasts 
and MC3T3 cells, showing the importance of MMPs in the mineralized nodule formation 
process. In addition, they found that the MMP inhibitor inhibited transition of osteoblasts into 
osteocytes but allowed osteoblast apoptosis, showing the importance of MMPs in safeguarding 
osteoblasts from apoptosis when trans-differentiating into osteocytes (Karsday et al., 2004). 
Thus, it could be explained that a high concentration of PHNQ extract plus 1.5 mM CaCl2 
synergistically increased mineralized nodule formation by increasing the level of MMP-8 
protein, because osteoblasts depend on MMPs for survival and the surviving cells become 
osteocytes. An in vivo study using MMP-8-deficient mice and wild type mice showed that 
MMP-8 deficiency increased the severity of arthritis and led to increased expression of IL-1 β, 





Figure 7.15. (A) IL-6 and (B)MMP-8 protein expression by Saos-2 cells treated with 
either 1.5 mM CaCl2, PHNQ (62.5 µg/mL), or PHNQ (62.5 µg/mL) and 0.5 mM CaCl2. 
(Day 3: the supernatant was from day 1 to day 3 but collected on day 3; Day 12: the supernatant was 
from day 10 to day 12 but collected on day 12 and day 21: the supernatant was from day 20 to day 21 
but collected on day 21). 
 
7.4. Conclusion  
In conclusion, the present study suggests that PHNQ extract is non-toxic to osteoblast cells at 
concentrations below 62.6 µg/mL, over 21 days incubation with the cells. PHNQ extract may 
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increasing MMP-8 expression. A high concentration of PHNQ extract plus 1.5 mM CaCl2 
synergistically increased mineralized nodule formation that does not happen in the presence of 
high concentrations of PHNQ extract if administered separately. This indicates that PHNQ 
extract has the potential to improve the formation of the bone mineral phase and could 
potentially be used as a therapeutic agent for the prevention or treatment of osteoporosis.  
7.5.  Future work and limitations 
The stability testing under cell culture conditions was only conducted with PHNQ extracts but 
not with echinochrome A, as the donated echinochrome A sample was not available until the 
cell culture work had started. It would be worth repeating the test with the echinochrome A 
standard provided by the Russian collaborator in the future. It is worth mentioning the 
limitations of using Saos-2 cells line model for evaluation of mineralization effect. Even 
through Saos-2 cells line showed similar mineral potential and gene regulation with primary 
human osteoblast (HOb) cells, it demonstrated a higher proliferation rate. In addition, the 
results generated by cell culture (in vitro model system) cannot be considered the same in terms 
of uptake of nutrients and metabolism as what take place in an animal and human (Czekanska 
et al., 2014). Thus, the data from in vitro cell line system should be considered only indicative, 
and further animal trials should be conducted in the future. 
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Chapter 8. Conclusions, summary and future work  
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8.1. Overall summary 
In recent years, increasing attention has been directed to the extraction of natural compounds 
that have biological activities from shell waste generated during processing of shelled seafood. 
E. chloroticus shell and spine, which contain PHNQs, are the major waste streams generated 
from the industrial harvesting and processing of sea urchins in New Zealand. Part of the 
research for this thesis investigated conventional organic solvent extraction methods and 
macroporous resin extraction methods for the extraction of PHNQs from shell and spine of the 
New Zealand sea urchin E. chloroticus. The PHNQ yields of the extracts and PHNQ 
composition resulting from the different extraction methods were analysed, followed by 
identification of PHNQs by HPLC-DAD/MS. In vitro assays were used to identify antioxidant 
and anti-microbial activities of PHNQ extracts obtained by different extraction methods and 
by HPLC fractionation. An in vivo cotton pellet-induced granuloma bioassay was used to 
identify the anti-inflammatory activity of the PHNQ extracts obtained, and the anti-
inflammatory activity was further evaluated by an in silico molecular docking study. In 
addition, a study was conducted investigating whether PHNQs were cytotoxic to Saos-2 cells 
and the effect of PHNQ extracts and echinochrome A on formation of mineralized nodules in 
Saos-2 cells was evaluated.  
The results established that PHNQ compounds could be extracted from E. chloroticus by both 
organic solvent and macroporous resin methods, and they all exhibited bioactivities including 
antioxidant and anti-microbial activities. The methods used for extraction had an effect on the 
bioactivities of the extracts, with the ethyl acetate extract of spine having the best antioxidant 
activities amongst all of the treatment groups. The PHNQ crude extract exhibited anti-
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inflammatory activity in an in vivo Sprague-Dawley rat model. Furthermore, CaCl2 and PHNQ 
crude extract acted synergistically to increase mineralized nodule formation in Saos-2 cells. 
The conclusions reached from the results of the experiments reported in this thesis are 
summarised in Table 8.1 alongside the research questions examined in each chapter. 
The main novel findings from the research reported in this thesis that have not been previously 
reported were:  
• A novel extraction of PHNQs with macroporous resin and identification of the 
bioactivities of PHNQs obtained by different extraction methods.  
• The in vivo anti-inflammatory activity of crude PHNQ extracts in a Sprague-Dawley 
rat model and an in silico molecular docking study. 
• The effect of PHNQ on the mineralization of Saos-2 cells. 
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Table 8.1. Summary of findings presented in the thesis 
Question: How to improve the utilization of New Zealand sea urchin E. chloroticus shell waste? 
Hypothesis: PHNQ compounds could be extracted from the shell and spine of E. chloroticus and have valuable bioactivities. 
Research plan: Investigation of different methods for PHNQ extraction and examination of the bioactivities of the extracted PHNQs using in vitro and in vivo systems. 
Research question  Conclusion  Overall conclusion  
Which extraction method 
would extract PHNQ more 
efficiently?  
What is the best extraction method 
in terms of yield and PHNQ 
composition? 
Conventional organic solvent methods are better than 
macroporous resin methods. Ethyl acetate was the best solvent 
for extraction of PHNQs.  
 
 
• Eight PHNQ compounds were identified all of 
which have been found in other species of sea 
urchin.  
 
• Both organic solvents and macroporous resins 
could extract PHNQ from E. chloroticus but 
organic solvents were more effective 
 
• The evaluation of the TPC and antioxidant 
activities of the PHNQ extracts showed that 
organic solvent extraction was better for 
extracting PHNQs than the macroporous 
resins.  
 
• The in vivo model showed that PHNQ crude 
extract exhibited anti-inflammatory activity. 
 
• PHNQ extracts did not show any cytotoxicity 
in an osteoblast cell line and addition of CaCl2 
synergistically increased mineralized nodule 
formation. 
What is the PHNQ composition 
from E. chloroticus shell and spine? 
Eight PHNQs were identified: spinochromes A, B, C and E, and 
echinochrome A, and spinamine E, and echinamines A and B. 
What bioactivities are 
available in PHNQ extracts 
obtained by different 
methods?  
1. Is there any difference in in vitro 
antioxidant activity among PHNQ 
extracts obtained by different 
extraction methods? 
Antioxidant activity:  
✓ Conventional organic solvent extracts > macroporous 
resin  
✓ Isolated PHNQ > crude PHNQ 
✓ Spine PHNQs > shell PHNQs 
✓ Ethyl acetate is the best extraction solvent  
✓ Spinochrome E > other spinochromes  
2. Is there any difference in  in vitro 
anti-microbial activity among 
PHNQ extracts obtained by 
different extraction methods? 
Anti-microbial activity:  
✓ Conventional organic solvent extracts > macroporous 
resin  
✓ D4006 > other macroporous resins  
✓ Anti-microbial activity was detectable but low  
✓ No difference between shell and spine  
✓ Anti-microbial activity is due to alteration in the 
morphology of the microbial cell wall caused by PHNQ 
3. Is there any anti-inflammatory 
effect for PHNQs?  
✓ The extracts exhibited anti-inflammatory activity 
comparable to celecoxib in vivo. 
✓ Mirabiquinone was better than celecoxib in an in silico 
docking study.  
Can PHNQs support the 
formation of mineralized 
nodules in Saos-2 cells?  
1. Does PHNQ have a toxic effect 
on Saos-2 cells?  
✓ Echinochrome A is more cytotoxic compared to PHNQs  
✓ Echinochrome A showed inhibitory effect on the 
mineralized nodule formation in Saos-2 cells, while 
PHNQ did not show any effect on mineralization in Saos-
2 cells  
✓ PHNQ extract and CaCl2 synergistically increased 
mineralized nodule formation  
2. Do PHNQ or echinochrome A 
have any effect on the formation of 
mineralized nodules in Saos-2 
cells?  
3. Does adding CaCl2 with PHNQ 
affect the mineralized nodule 
formation in Saos-2 cells?    
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8.2. Importance of this work  
8.2.1. Importance to human health 
Oxidative stress has been associated with many degenerative conditions, such as the process of 
aging, certain cancers, atherosclerosis, and inflammatory conditions (Lobo, Patil, Phatak & 
Chandra, 2010). Antioxidants are typically molecules that donate an electron to scavenging 
free radicals and neutralize the reactivity, as well as reduce the capacity to cause damage and 
thus reduce oxidative stress. Antioxidants delay or inhibit cellular damage mainly through their 
free radical scavenging properties (Manach, Scalbert, Morand, Rémésy, & Jiménez, 2004). The 
global antioxidants market was valued at $2,923 million in 2015 and is expected to reach 
$4,531 million by 2022, registering a 6.42% increase during the forecast period (Prasad, 2016). 
As highlighted in the literature review (chapter 2), echinochrome A has been used mainly as 
an antioxidant drug for treatment of cardiovascular disease since the last century. The present 
study has demonstrated that E. chloroticus shell and spine could be another useful source of 
echinochrome A. 
The immune system, through inflammation, as part of defence mechanism of the body 
recognizes and removes harmful antigens and begins the healing process. There are generally 
two types of inflammation, acute and chronic inflammation (Slavich, 2015). Diabetes, 
cardiovascular disease, arthritis and joint diseases are among the most prevalent chronic 
inflammation-mediated diseases (Pahwa & Jialal, 2018). Enormous efforts are being made to 
develop potent anti-inflammatory drugs. Non-steroidal anti-inflammatory drugs (NSAIDs) are 
one of the most widely prescribed anti-inflammatory drugs, but can have many side effects. 
Common side effects include injuring the upper and/or the lower gut because of prostaglandins 
deficiency by COX-1 inhibition, and causing topical injury to the mucosa (Browning, 1996; 
Sostre, Gargallo, Arroyo, & Lanas, 2010). The role of natural products as remedies has been 
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recognized since ancient times, and derivatives of natural products are still making an 
enormous contribution to drug discovery today (Yuan, Wahlqvist, He, Yang, & Li, 2006). As 
a natural product derivative, the anti-inflammatory activity of PHNQ extracts was revealed in 
this research through in vivo anti-inflammatory experiments.  
8.2.2. Importance to the environment  
As discussed in the literature review (chapter 2), the amount of fish, crustaceans, and molluscs 
harvested from both open water and aquaculture was over 100 million tonnes in 2017 
worldwide (FAO, 2017), and over 70% of the harvest was utilized in further processing. A 
large amount of marine by-product waste is being produced from processed seafood. Global 
sea urchin production was reported to be 39, 479 tons in 2017 (FAO, 2017). It has been reported 
that about over 80% of the E. chloroticus dry weight mass is attributed to the shell and spine 
components and is around 40% to 50% for other species such as S. franciscanus and S. 
droebachiensis (Amarovicz et al., 2012; Shavandi, Wilton & Bekhit, 2016). Hence, it has been 
estimated that at least 14,000 tons dry weight of sea urchin waste is produced by the sea urchin 
processing industry globally. In developing countries, waste shells are often just dumped in 
landfill or the sea, while the cost of disposal is high in developed countries, for example up 
to US $150 per tonne in Australia (Yan & Chen, 2015).  
Regardless of the considerable amount of sea urchin processing waste generated, it has been 
mostly considered as non-utilisable material and is potentially hazardous to the environment. 
In the future, as proposed in the literature review, there is a possibility that waste from sea 
urchin roe extraction could be used as a raw material for the nutraceutical or pharmaceutical 
industry, contributing to treatment of human health conditions and reducing environmental 
issues. The current study has contributed insights for the food and nutraceutical industries as 
to how this waste may be better utilized, thus allowing the industry to become more sustainable.  
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8.3. Limitations of this work  
Although this research achieved its stated objectives (section 8.1), there were some limitations. 
While the in vivo anti-inflammatory activity and in vitro mineralized nodule formation assays 
were conducted using crude PHNQ extract obtained by ethyl acetate extraction of E. 
chloroticus spine, conducting those assays using fractionated PHNQ with isolated compounds 
would have provided more information. As ‘preparative’ scale HPLC was not available for this 
research, only a limited amount of fractionated PHNQ compounds were obtained from multiple 
analytical scale HPLC and the volume obtained was only sufficient for antioxidant and anti-
microbial activity assays. In addition, as mentioned in the literature review (chapter 2), it was 
found that the composition of secondary metabolites may differ significantly due to geographic, 
ecological, seasonal, gender and other variables (Salehi et al., 2019). Repeating this study with 
samples obtained during different seasons of the year with both genders would have 
strengthened the study but was beyond the scope of this study. Although echinochrome A is 
not available commercially, it could have been used as a reference in all of the assays if it had 
been available and would have provided more information about the relationship between 
PHNQ compounds and their bioactivities. However, it was kindly provided by the G.B. 
Elyakov Pacific Institute of Bioorganic Chemistry, Far Eastern Branch of Russian Academy of 
Sciences, Vladivostok, Russia, but did not become available until after the cell culture work 
was started (chapter 7).  
8.4 Recommendations for future work  
One of the aims of the shellfish processing industry is to improve utilisation of waste products. 
The possibility of producing bioactive PHNQ from New Zealand sea urchin waste as described 
in this thesis could lead to new market opportunities. Many bioactive natural compounds that 
have been isolated from naturally sourced waste material such as chitin and chitosan from crab, 
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astaxanthin from shrimp shell waste, and proteins or peptides from fish bones, are increasingly 
being tested and trialled for their physiological effectiveness in commercial pharmaceutical, 
nutraceutical and functional food applications (Hou et al., 2016).  
A challenge for the commercial application of PHNQ from sea urchin waste is to find the most 
suitable and practical utilization of this resource. The findings in the present study give rise to 
the possibility of further studies for PHNQ compounds, which were beyond the scope and 
timeframe of this thesis. However, the low yield may be a crucial factor for determining the 
commercial viability of the process. A few recommendations are provided below that could 
provide more insights for the potential use of sea urchin shell waste.  
8.4.1. Large scale PHNQ extraction and fractionation  
While organic solvent extraction methods used to extract PHNQ compounds are practicable 
under laboratory scale, they may not be able to be scaled up for large-scale applications. The 
unavailability of large-scale production systems and the high cost of the extraction techniques 
could be limiting factors in the commercialization of PHNQ products.  
Organic solvent extraction was found to be better for extracting PHNQ than the macroporous 
resin methods. However, from a commercial and environmental viewpoint, macroporous resins 
would be more suitable for use in the large-scale production because of the recyclability of the 
resins and use of less organic solvent and acid, and hence would be cheaper and more 
environmentally sustainable. In the future, the dynamic adsorption and desorption properties 
of PHNQ from kina shell and spine should be evaluated on a preparative-scale, particularly 
with the macroporous resin D4006 that had the best extraction capability, as a few studies have 
investigated the use of macroporous resins on preparative-scale and it has been demonstrated 
to be suitable for industrial-scale use (Li and Chase, 2010). 
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As discussed in the literature review (chapter 2), echinochrome A is the most well studied 
PHNQ and has already been commercialized as an antioxidant pharmaceutical. One advantage 
of using macroporous resin chromatography is that it could be used either as a stand-alone 
system, or as part of a pre-treatment process, coupled with other column chromatography 
mentioned in chapter 2, for efficient extraction and fractionation of certain type of PHNQ such 
as echinochrome A.   
8.4.2. Chemical synthesis of PHNQ  
The eight PHNQ compounds identified in chapter 4 could be chemically synthesized and 
individually analyzed for bioactivity to obtain correlation of bioactivity with each PHNQ 
compound. The synthesis of PHNQ was reported many years ago and as summarized in a 
review paper (Hou et al., 2018). Synthesis of various spinochromes, including echinochrome 
A and spinochromes A, C, D, and E, were described five decades ago (Hou et al., 2018). 
However, that synthesis pathway was not suitable for preparative use due to cost. Recently, a 
more simple and effective synthesis of spinochrome E has been described by Borisova and 
Anufriev (2012). Preparative synthesis starts with 2,3-dichloro-6,7-diethoxynaphthazarin with 
the simultaneous replacement of Cl atoms with hydroxyl and nitro groups followed by 
reduction of the latter, and subsequent removal of alkoxy groups. Shestak et al. (2014) have 
reported synthesis of spinochromes C and D in gram quantities. Compared to the low amounts 
that could be obtained from lab scale fractionation, chemically synthesized PHNQs will afford 
the determination of bioactivity of every single compound since relatively large amounts of 
PHNQs will be available for bioactivity experiments.  
8.4.3. Further investigation of PHNQ bioactivities   
The in vivo anti-inflammatory activity of crude PHNQ extracts was comparable to celecoxib 
(chapter 6), which is a COX-2 selective nonsteroidal anti-inflammatory (NSAID) drug used to 
241 
 
treat pain and inflammation in osteoarthritis, acute pain in adults, and rheumatoid arthritis.  
However, NSAID drugs have a few serious side effects and PHNQs as a natural extract from 
the by-product of edible animal, potentially may have fewer side effects compared with NSAID 
drugs.  
PHNQ was also found to exhibit an effect toward improving mineral nodule formation in Saos-
2 cells (chapter 7), indicating that PHNQ could be potentially used as a therapeutic agent for 
the prevention and treatment of bone diseases such as osteoporosis. As noted in chapter 7, cell 
models have their limitations since they cannot be considered the same in terms of uptake of 
nutrients and metabolism compared to that taking place in cellular systems in animals and 
humans (Czekanska et al., 2014). Within the context of this thesis, using the Saos- 2 cell model 
was the best option given cost and time restrictions in the present study. However, PHNQs 
might act differently in an animal model or in human trials. It would be worth conducting an 
in vivo investigation of the effect of PHNQ in terms of bone formation.  
In the meantime, the stability and solubility of PHNQs should be taken into consideration when 
undertaking in animal trials. Injection or oral drug administration would be the preferable 
methods. With oral administration, release of the drug over an extended period is required in 
some cases. The possibility of using carrageenan as a carrier for echinochrome A to decrease 
its oxidative degradation, improve solubility, and prolong the action has been evaluated in the 
previsou studies (Yermak et al., 2017; Yermak et al., 2018). In addition, an in vitro and in vivo 
digestibility experiment should be carried out to investigate the stability of such echinochrome 
(spinochrome)-carrageenan or other complexes in the gut.  
8.5. Final conclusion  
The experimental results regarding the extraction and bioactivities of PHNQ obtained from E. 
chloroticus shell and spine waste presented in this thesis contribute useful knowledge and 
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insights to the goal of extracting bioactive compounds from the waste that have potential as 
valuable products for human health use. The present study has indicated the possibility of a 
promising journey towards commercialisation of extracted PHNQ natural product, however, 
more research is required to optimize the process and confirm the best strategy for a 
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Appendix I: Distribution of spinochromes in sea urchins  
Regular sea urchins 
Family Strongylocentrotidae 
Sea urchins of the genus Strongylocentrotus are very similar in morphology, but they are 
widely distributed geographically (Andrew et al., 2002) and vary in spinochrome composition. 
Strongylocentrotus intermedius 
The sea urchin S. intermedius is a valuable fishery resource of the Sea of Japan because their 
edible gonads are considered as a high value product in Asia (Li et al., 2013). The composition 
of S. intermedius PHNQ pigments was investigated by Utkina et al. (1976) who isolated 
spinochromes A, B, C, D and 6,6'-ethylidene-bis(2,3,7-trihydroxynaphthazarin). Later Li et al. 
(2013) isolated spinochrome B from S. intermedius using macroporous resin extraction from a 
crude pigment extract.  
Strongylocentrotus droebachiensis 
S. droebachiensis is commonly known as the green sea urchin because of its characteristic 
green colour. It is commonly found in northern waters all around the world including in both 
the Pacific and Atlantic oceans. S. droebachiensis from the Bering sea was investigated 
(Kol'tsova et al., 1978) and spinochromes A, C, D, and E and anhydroethylidene-3,3'-bis-
(2,6,7-trihydroxynaphthazarin) (now revised to anhydroethylidene-6,6'-bis-(2,3,7-
trihydroxynaphthazarin)) were isolated from the shells and spines. Shikov et al. (2011) using 
HPLC–DAD–MS detected spinochromes D and B, two binaphthoquinones with a molecular 
mass of 484, a binaphthoquinone with a molecular mass of 502, and an unidentified 
spinochrome dimer with a molecular mass of 536 in S. droebachiensis from the Barents Sea.  
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S. droebachiensis collected from the Barents Sea, the Bering Sea and in the Sea of Okhotsk 
had different spinochrome compositions (Vasileva et al., 2017). Even S. droebachiensis 
collected in the Sea of Okhotsk, but from different depths, were found to vary in pigment 
composition (Vasileva et al., 2017). Samples from a greater depth contained echinochrome A 
and 7,7'-anhydroethylidene-6,6'-bis(2,3,7-trihydroxynaphthazarin) as the main compounds, 
along with spinochrome E, its monomethyl ether namakochrome, spinochrome D, 
mirabiquinone and two echinochrome A monomethyl ethers. In contrast, the samples collected 
from shallow waters contained 7,7'-anhydroethylidene-6,6'-bis(2,3,7-trihydroxynaphthazarin) 
as the main compound and only trace quantities of echinochrome A (Vasileva et al., 2017). The 
samples collected from shallow waters also contained ethylidene-3,3'-bis(2,6,7-
trihydroxynaphthazarin), mirabiquinone, spinochromes E, D, and B, and an unidentified 
pigment with m/z [M-H]– of 483, which was assumed to be the same pigment detected by 
Shikov et al. (2011). Collectively, these results suggest that the composition of the secondary 
metabolites of marine organisms may significantly differ due to geographic, seasonal, gender 
and other variations (Vasileva et al., 2017).  
Strongylocentrotus pallidus 
This species is a subtidal species found at depths of up to 1600 m. It inhabits rocky areas, and 
it is found in the Pacific from the Kamchatka Peninsula to northern Alaska and Oregon, as well 
as in the North Atlantic. These sea urchins were difficult to harvest, and for a long time, they 
were confused with S. droebachiensis. Therefore, the chemical composition of this species was 
only studied recently. Only spinochrome E and spinamine E were identified in shell and spine 




S. polyacanthus is abundant among the Aleutian Islands, in the Bering Sea, and along the coasts 
of the Kamchatka Peninsula, Korea, and Japan. The spinochrome composition of S. 
polyacanthus was investigated recently for the first time in samples that were collected near 
the Kuril Islands chain (Vasileva et al., 2017). One S. polyacanthus sampling contained two 
main compounds, spinochrome E and echinochrome A, and in addition, three minor 
spinochromes, spinamine E, and spinochromes C and A were found. However, in another S. 
polyacanthus sampling, although the main compounds found were spinochromes E and A, they 
were present in a different ratio, and spinochrome C was absent, but spinamine E, 
spinochromes D and B, and a dimethoxy derivative of spinochrome E were present. Again, this 
indicated that the location of sea urchins can affect the spinochrome composition and 
consequently the biological activity of extracts obtained from the sea urchins.  
Mesocentrotus nudus 
Sea urchins of the species M. nudus belong to the family Strongylocentrotidae that previously 
were considered to belong to the genus Strongylocentrotus but were transferred to the genus 
Mesocentrotus based on the results of DNA-DNA hybridization and comparative morphology 
(Tatarenko and Poltaraus, 1993). M. nudus is a dominant sea-urchin species in the northwest 
Pacific and is found on intertidal and subtidal rocky sea bottoms (Agatsuma, 2001). The 
quinonoid pigments of the shells and spines of M. nudus consist mainly of spinochromes A, B, 
and C and echinochrome A. Although 3-Acetyl-2,7-dihydroxy-6-methylnaphthazarin was 
isolated from the test and spines of M. nudus in 1977 (Kol'tsova et al., 1977), it was detected 
after vacuum sublimation and has not been detected since then in extracts of M. nudus, so this 
pigment may not be of natural origin. In 2012 two new aminated quinonoid pigments 
(aminopentahydroxynaphthoquinone and acetylaminotrihydroxynaphthoquinone) were found 
in M. nudus by using UPLC (Zhou et al., 2011). Aminopentahydroxynaphthoquinone was 
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isolated by Vasileva et al. (2016) and its structure was established as 2-amino-3,5,6,7,8-
pentahydroxy-1,4-naphthoquinone using 1D- and 2D-NMR and was named spinamine E.  
Family Toxopneustidae 
Toxopneustes pileolus 
T. pileolus, commonly known as the flower urchin, is a widespread and commonly encountered 
species of sea urchin in the Indo-West Pacific region. Unlike Strongylocentrotus, it is 
considered highly dangerous, as it is capable of delivering extremely painful and medically 
serious stings when touched (Kroh, 2018). Many studies of the sea urchin T. pileolus were 
dedicated to investigating toxic compounds released from its various organs, especially the 
pedicellariae. Kol’tsova and Krasovskaya (2009) observed only spinochrome A in the 
pedicellariae of this species that was collected near Nha Trang Bay in the South China Sea, 
while spinochrome A, B and C were present in the shells and spines at different ratios in relation 
to the colour intensity of shells. T. pileolus collected from the coral reef at Toliara, Madagascar, 
contained echinochrome A and spinochromes A-E (Brasseur et al., 2017).  
Tripneustes gratilla 
T. gratilla, also known as the collector urchin, inhabits the waters of the Indo-Pacific, Hawaii, 
the Red Sea, and The Bahamas. Early studies on this species isolated only spinochrome A and 
mompain from the shells of T. gratilla from Hawaii (Chang et al., 1964), but recent studies on 
T. gratilla harvested near Madagascar reported a different pigment pattern that contained 
spinochromes D and E and echinochrome A (Brasseur et al., 2017).  
Family Glyptocidaridae 
Glyptocidaris crenularis 
The sea urchin G. crenularis is the only species known of the Glyptocidaris genus. It lives in 
the waters of the Pacific Ocean and is distributed widely in the Sea of Japan and the Yellow 
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Sea of China (Zhou et al., 2010). Spinochrome E, spinochrome D and spinochrome B were 
tentatively identified in the pigment extract prepared from G. crenularis (Li, D.M. et al., 2013). 
Family Parechinidae 
Psammechinus miliaris 
P. miliaris, also known as the green sea urchin or shore sea urchin, is found in shallow waters 
of the Eastern Atlantic Ocean and the North Sea. The gonads of P. miliaris are eaten 
particularly in Mediterranean cuisine (Kelly et al., 2007). LC–MS analysis of shell and spine 
extracts indicated the presence of spinochromes A, B, C and E, spinamine E and echinochrome 
A, but also revealed the existence of other related components with mass spectral properties 
consistent with sulfated or phosphorylated spinochromes B and E (Powell et al., 2014).  
Family Echinometridae 
Helocidaris crassispina (earlier called Anthocidaris crassispina) 
H. crassispina is a species containing edible gonads that is found in the Pacific coastal regions 
around Ibaragi, and in the southern Japan Sea around Akita, and around Taiwan and the 
Southeast coast of China (Agatsuma, 2007). Kuwahara et al. (2009) using LC-MS, identified 
spinochromes A, B and C and echinochrome A in the shell of H. crassispina, in agreement 
with an earlier report (Anderson et al., 1969).  
Echinometra mathaei 
E. mathaei, the burrowing urchin, is found in the shallow waters of the Indo-Pacific region. Its 
distribution range extends from Madagascar on the East African coast to the Red Sea and to 
Hawaii. The main PHNQ pigments found in this species are the spinochromes A, B and C 
(Anderson et al., 1969), and recently the presence of echinochrome A (Soleimani et al., 2016) 





A. radiata, known either as the red urchin, fire urchin, false fire urchin or blue-spotted urchin, 
is a large species with long spines and is found in the tropical Indo-Pacific region (Kroh, 2018). 
Spinochrome E and D, echinochrome A, binaphthoquinones ethylidene-3,3-bis(2,6,7-
trihydroxynaphthazarin) and 7,7'-anhydroethylidene-6,6'-bis-(2,3,7-trihydroxynaphthazarin) 
have been reported to be present in this species (Mishchenko et al., 2014; Vasileva, E.A. et al., 
2017).  
Irregular sea urchins 
Family Echinarachniidae 
Echinarachnius parma 
E. parma is a species of sand dollar native to the Northern Hemisphere. It is found in the North 
Pacific, on the North American east coast as well as in Alaska, Siberia, British Columbia, and 
Japan, and in the Northwest Atlantic. It inhabits isolated areas on sandy bottoms below the low 
tide level and down to a depth of 1,500 m (Kroh, 2018). Identification of PHNQ pigments from 
E. parma was performed for the first time recently (Vasileva et al., 2017). It was found that E. 
parma had three main components: spinochrome D, anhydrobinaphthoquinone and 
echinochrome A, as well as spinochrome E, mirabiquinone and binaphthoquinone, and two 
aminated derivatives, echinamines A and B, were detected in trace quantities. 
Family Scutellidae 
Scaphechinus mirabilis 
The sand dollar S. mirabilis is distributed around the Commander Islands, on the east coast of 
the Kamchatka Peninsula, the Japanese Islands and in Peter the Great Bay (Sea of Japan) on 
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soft sea floors (Dautov and Kashenko, 2008). In the last decade, several novel spinochromes 
have been discovered in S. mirabilis. Echinamines A and B, which were the first examples of 
natural polyhydroxynaphthazarins containing a primary amino group, were discovered in 2005 
(Mishchenko et al., 2005). After that spinazarin (2,3,5,8-tetrahydroxy-1,4-naphthoquinone) 
and ethylspinazarin (6-ethyl-2,3,5,8-tetrahydroxy-1,4-naphthoquinone) were first isolated 
from S. mirabilis (Yakubovskaya et al., 2007). Mirabiquinone, the first unsymmetrical 
binaphthoquinone, was also discovered in this species (Mishchenko et al., 2014).  
Family Schizasteridae 
Brisaster latifrons 
B. latifrons is a heart shaped urchin occurring on sandy sea floors at a depth of up to 1820 m 
from the west coast of Central America, to the Galápagos Islands, and to the west coast of 
México, and in the Gulf of California (Walker and Gagnon, 2014). In B. latifron extracts, 
echinochrome A was found to be the main compound along with three other minor components, 
spinochromes E and D, and 7,7'-anhydroethylidene-6,6'-bis(2,3,7-trihydroxy-naphthazarin) 
that were identified recently (Vasileva et al., 2017).
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Appendix III: Physical properties of the macroporous resins used 
 









Polarity  Appearance  Functional group  
NKA-9 0.3-1.25 170-250 15.5-16.5  Polar           









ADS-17 0.3-1.25 90-150  25-30 
Medium 





















Appendix IV: Natural UV index during the duration of 
conducting the PHNQ stability test  
 
 






Appendix V: RP-HPLC profiles of echinochrome A 
 
Figure 1. RP-HPLC profiles of echinochrome A obtained from G.B. Elyakov Pacific 
Institute of Bioorganic Chemistry, Far Eastern Branch of Russian Academy of Sciences, 
Vladivostok, Russia. 
Aliquots (50 µL) of the echinochrome A solution (3.33mg/mL) were injected onto a reversed-phase 
column (C18 Luna 250 × 4.6 mm, 5 μM particle size, 100 A˚ pore size, Phenomenex, USA). The effluent 
was monitored at 340, 475 and 520 nm. The elution buffer flow rate was 0.5 mL/min and consisted of 
buffer (A) formic acid: water (0.1:100, v/v) and buffer (B) methanol: acetonitrile (35: 65, v/v).  The 
column was equilibrated in 20% B and the elution gradient was 0–2.5 min 20% B, 2.5-38 min, 20%-














Appendix VI: Standard curve of cytokines and MMPs 
Table 1. Standard curve concentration range (pg/mL). 
Cytokines  Standard 1 Std 2 Std 3 Std 4 Std 5 Std 6 Std 7 
IL-10 8900 2225 556.25 139.06 34.77 8.69 2.17 
IL-12p70 29600 7400 1850 462.5 115.63 28.91 7.23 
IL-6 39000 9750 2437.5 609.38 152.34 38.09 9.52 
IL-1β 8100 2025 506.25 126.56 31.64 7.91 1.98 
TNF-α 37800 9450 2362.5 590.63 147.66 36.91 9.23 
MMP-1 32100 8025 2006.25 501.56 125.39 31.35 7.84 
MMP-13 23600 5900 1475 368.75 92.19 23.05 5.76 
MMP-3 73600 18400 4600 1150 287.5 71.88 17.97 
MMP-8 103100 25775 6443.75 1610.94 402.73 100.68 25.17 


































































































































































































Appendix VII: Elemental concentration of spine PHNQ ethyl 
acetate extract using ICP-MS 
Table 1. Elemental concentration of spine PHNQ ethyl acetate extract using ICP-MS (mg/kg) 
  Na Mg Ca Sr Ba Al Fe 
Blank 20 0.1 0.36 0.0012 0.0033 1.5 0.77 
PHNQ 9.4 0.5 0.83 0.0015 0.0023 2.6 54 
Detection 
limits  
0.025 0.025 0.25 0.0001 0.0001 0.01 0.01 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
